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ADVERTISEMENT. 


Tue Society as a body is not to be considered responsible for any 
Jacts and opinions advanced in the several Papers, which must rest 


entirely on the credit of their respective Authors. 


I. On the Foundations of the Theory of Probabilities. By R. L. Evwis, Esq. 
M.A., Fellow of Trinity College. 


[Read Feb. 14, 1842.) 


Tur Theory of Probabilities is at once a metaphysical and a mathematical science. The 
mathematical part of it has been fully developed, while, generally speaking, its metaphysical 
tendencies have not received much attention. 

This is the more remarkable, as they are in direct opposition to the views of the nature 
of knowledge, generally adopted at present. 

(2.) The theory received its present form during the ascendancy of the school of Con- 
dillac. It rejects all reference to a priori truths as such, and attempts to establish them as 
mathematical deductions from the simple notion of probability. Are we prepared to admit, 
that our confidence in the regularity of nature is merely a corollary from Bernouilli’s theorem ? 
That until this theorem was published, mankind could give no account of convictions they had 
always held, and on which they had always acted? If we are not, what refutation have we to 
give? For these views are entitled to refutation, from the general reception they have met 
with, from the authority of the great writers by whom they were propounded, and even from 
the imposing form of the mathematical demonstration in which they are invested. 

I shall be satisfied if the present essay does no more than call attention to the inconsist- 
ency of the theory of probabilities with any other than a sensational philosophy, 

(3.) As the first principles of the mathematical theory are familiar to every one, I shall 
merely recapitulate them. 

If on a given trial, there is no reason to expect one event rather than another, they are said 
to be equally possible. 

The probability of an event is the number of equally possible ways in which it may take 
place, divided by the total number of such ways which may occur on the given trial. 

If a,, b,, ...... my, denote equally possible cases which may occur on one trial, a,b.....42 those 
which may occur on a second trial, a;b;....p; those belonging to a third, &c.: then a,, 
ba d3.2.. @Qb3....&c. &e. are all equally possible complex results. 

Hence it follows that on the repetition of the same trial & times, the probability that an event 
whose simple probability is m will occur p times is 


P(1 —m)*-?: 
Cen a ae vamecakien 
this follows merely by the doctrine of combinations. These are all the propositions to which 
I shall have occasion to refer. 

(4.) If the probability of a given event be correctly determined, the event will on a long 
run of trials, tend to recur with frequency proportional to this probability. 

This is generally proved mathematically. It seems to me to be true a@ priori. 

When on a single trial we expect one event rather than another, we necessarily believe that 
on a series of similar trials the former event will occur more frequently than the latter. The 
connection between these two things seems to me to be an ultimate fact, or rather, for I would 
not be understood to deny the possibility of farther analysis—to be a fact, the evidence of 
which must rest upon an appeal to consciousness. Let any one endeavour to frame a case in 
which he may expect one event on a single trial, and yet believe that on a series of trials 
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another will occur more frequently; or a case in which he may be able to divest himself of 
the belief that the expected event will occur more frequently than any other. 

For myself, after giving a painful degree of attention to the point, I have been unable 
to sever the judgment that one event is more likely to happen than another, or that it is to be 
expected in preference to it, from the belief that on the long run it will occur more frequently. 

(5.) It follows as a limiting case, that when we expect two events equally, we believe they 
will recur equally on the long run. In this belief we may of course be mistaken: if we are, 
we are wrong in expecting the two events equally, and in thinking them equally possible. 
Conversely, if the events are truly equally possible, they really will tend to recur equally on 
a series of trials. But this proves the proposition placed at the head of the section: for if any 


event can occur in a out of b equally possible ways, its probability is = and if all these 6 cases 


tend to recur equally on the long run, the event must tend to occur a@ times out of b; or in the 
ratio of its probability. Which was to be proved. 

(6.) Let us now examine the mathematical demonstration of this proposition. In entering 
upon it, we are supposed to have no reason whatever to believe that equally possible events 
tend to occur with equal frequency. 

It is well known that what is called Bernouilli’s theorem, relates to the comparative mag- 
nitudes of the several terms of the binomial expansion. 


[*] 
[p|{k -p] 


that an event whose simple probability is m will recur p times on & trials; and hence the 
connexion between the binomial expansion and the theory of probabilities. 

(7.) A particular example will suffice to illustrate what seems to me to be the essential 
defect of the mathematical proof of the proposition in question. 

A coin is to be thrown 100 times: there are 2'” definite sequences of heads and _ reverses, 
all equally possible if the coin is fair. One only of these gives an unbroken series of 100 heads. 
A very large number give 50 heads and 50 reverses; and Bernouilli’s theorem shows that an 
absolute majority of the 2! possible sequences give the difference between the number of 
heads and reverses less than 5. 

If we took 1000 throws, the absolute majority of the 2° possible sequences give the 
difference less than 7, which is proportionally smaller than 5. And so on. 

Now all this is not only true, but important. 

But it is not what we want. We want a reason for believing that on a series of trials, 
an event tends to occur with frequency proportional to its probability; or in other words, that 
generally speaking, a group of 100 or 1000 will afford an approximate estimate of this probability. 

But, although a series of 100 heads can occur in one way only, and one of 50 heads and 
50 reverses in a great many, there is not the shadow of a reason for saying that therefore, 
the former series is a rare and remarkable event, and the latter, comparatively at least, an 
ordinary one. 

Non constat, but the single case producing 100 heads may occur so much oftener than any 
case which produces 50 only, that a series of 100 heads may be a very common occurrence, and 
one of 50 heads and 50 reverses may be a curious anomaly. 

Increase the number of trials to 1000, or to 10,000. Precisely the same objection applies : 
namely, that in Bernouilli’s theorem, it is merely proved that one event is more probable than 
another, %.e. by the definition can occur in more equally possible ways, and that there is no 
ground whatever for saying, it will therefore occur oftener, or that it is a more natural 
occurrence. On the contrary, the event shown to be improbable may occur 10,000 times for 
once that the probable one is met with. 

To deny this, is to admit that if an event can take place in more equally possible ways, 


The general term of {m+ (1—m)}*, is m? (1—m)*-?, which is the probability 
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it will take place more frequently. But if this is admitted, Bernouilli’s theorem is unnecessary. 
It leaves the matter just where it was before, and introduces no new element into the question. 

(s.) Thus, both by an appeal to consciousness, and by the impossibility of dispensing 
with such an admission, we are led to recognize the principle, that when an event is 
expected rather than another, we believe it will occur more frequently on the long run. And 
thus we perceive that we are in the habit of forming judgments as to the comparative fre- 
quency of recurrence of different possible results of similar trials. These judgments are founded, 
not on the fortuitous and varying circumstances of each trial, but on those which are per- 
manent—on what is called the nature of the case. They involve the fundamental axiom, that 
on the long run, the action of fortuitous causes disappears. Associated with this axiom is the 
idea of an average among discordant results, &e. 

I conceive this axiom to be an a priori truth, supplied by the mind itself, which is ever 
endeavouring to introduce order and regularity among the objects of its perceptions. 

(9.) With a view to conciseness, I omit several interesting points which here present them- 
selves—namely, the connection between the axiom just stated, and the inductive principle; 
the real utility of Bernouilli’s theorem ; and what seems to me to be the true definition of 
probability, founded on a reference to the ratios developed on the long run. 

I proceed to illustrate what has been said by a few passages from Laplace's ‘“ Essai 
Philosophique sur les Probabilités.” 

(10.) It seems obvious that no mathematical deduction from premises which do not relate to 
laws of nature, can establish such laws. Yet it is beyond doubt that Laplace thought Bernouilli’s 
theorem afforded a demonstration of a general law of nature, extending even to the moral world. 

At p. xii. of the Essay, prefixed as an Introduction to the third edition of the Théorie des 
Probabilités, after giving some account of the theorem of James Bernouilli, Laplace proceeds : 
«On peut tirer du théoréme précédent cette conséquence qui doit étre regardée comme une loi 
générale, savoir que les rapports des effets de la nature, sont a fort peu prés constants, quand 
ces effets sont considérés en grand nombre..,.Je mnexcepte pas de la loi précédente, les effets 
dus aux causes morales.” 

It appears not to have occurred to Laplace, that this theorem is founded on the mental phe- 
nomenon of expectation. But it is clear that expectation never could exist, if we did not believe 
in the general similarity of the past to the future, i.e. in the regularity of nature, which is here 
deduced from it. 

A little further on,...“‘Il suit encore de ce théoreme que dans une série d’événemens inde- 
finiment prolongée, l’'action des causes régulitres et constantes doit Yemporter a la longue, sur 
celle, des causes irréguliéres....Ainsi des chances favorables et nombreuses etant constamment 
attachées 4 Yobservation des principes éternels de raison de justice et dhumanité, qui fondent 
et’ qui maintiennent les societés; il y a un grand avantage a se conformer A ces principes, et 
de graves inconvéniens a s’en écarter. Que Yon consulte les histoires, et sa propre expérience on 
y verra tous les faits venir 4 lappui de ce résultat du calcul.” Without disputing the truth of 
the conclusion, we may doubt whether it is to be considered as a ‘“‘résultat du calcul.” 

The same expression occurs immediately afterwards in another passage, in which the writer 
seems to allude to the history of his own times, and to the ambition of the great chieftain whom he 
at one time served. 

Indeed it would seem as if to Laplace all the lessons of history were merely confirmations 
of the “résultats du calcul.” We are tempted to say with Cicero—*hic ab artificio suo non 
recessit.” 

(11.) The results of the theory of probabilities express the number of ways in which a 
given event can occur, or the proportional number of times it will occur on the long run: they 
are-not to be taken as the measure of any mental state; nor are we entitled to assume that the 
theory is applicable wherever a presumption exists in favour of a proposition whose truth is un- 
certain. 

AZ 
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Nevertheless it has been applied to a great variety of inductive results; with what success 
and in what manner, I shall now attempt to enquire. 

(12.) Our confidence in any inductive result varies with a variety of circumstances; one of 
these is the number of particular cases from which it is deduced. Now the measure of this confi- 
dence which the theory professes to give, depends on this*number exclusively. Yet no one can 
deny, that the force of the induction may vary, while this number remains unchanged. This 
consideration appears almost to amount to a reductio ad absurdum. 

(13.) If, on m occasions, a certain event has been observed, there is a presumption that 
it will recur on the next occasion. ‘This presumption the theory of probabilities estimates at 


m+1 


=- But here two questions arise; What shall constitute a “next occasion?” What degree 
m +2 


of similarity in the new event to those which have preceded it, entitles it to be considered a 
recurrence of the same event? 

Let me take an example given by a late writer :— 

Ten vessels sail up a river. All have flags. The presumption that the next vessel will 


eel 6 . 
have a flag ers Let us suppose the ten vessels to be Indiamen. Is the passing up of 


any vessel whatever, from a wherry to a man of war, to be considered as constituting a ‘‘ next 
occasion ?” or will an Indiaman only satisfy the conditions of the question ? 

It is clear that in the latter case, the presumption that the next Indiaman would have 
a flag is much stronger, than that, as in the former case, the next vessel of any kind would 


F 11 0 P : ° 5 
have one. Yet the theory gives a5 te the presumption in both cases. If right in one, it 


11 
cannot be right in the other. Again, let all the flags be red. Is it 7 that the next 


~ 


vessel will have a red flag, or a flag at all? If the same value be given to the pre- 
sumption in both cases, a flag of any other colour must be an impossibility. 

It is to be noticed, that I only refer to the visible differences among different kinds 
of vessels, and not to any knowledge we may have about them from previous acquaintance. 

(14.) I turn to a more celebrated application of the theory. 

All the movements of the planetary system, known as yet, are from west to east. This 
undoubtedly affords a strong presumption in favour of some common cause producing mo- 
tion in that direction. But this presumption depends not merely upon tne number of observed 
movements, but also on the natural affinity which in a greater or less degree appears to 
exist among them. 

This is so natural a reflection, that Lacroix, in calculating the mathematical value of 
the presumption, omits the rotatory movements, and, I believe, those of the secondary planets, 
in order, as he expressly says, to include none but similar movements. But in the admis- 
sion thus by implication made, that regard must be had to the similarity of the move- 
ments, too much is conceded for the interests of the theory. For are the retained move- 
ments absolutely similar? The planets move in orbits of unequal eccentricity and in different 
planes: they are themselves bodies of very various sizes; some have many satellites and 
others none. If these points of difference were diminished or removed, the presumption in 
favour of a common cause determining the direction of their movements would be strength- 
ened ; its calculated value would not increase, and vice versa. 

Again, up to the close of 1811, it appears (Laplace) that 100 comets had been observed, 
53 having a direct and 47 a retrograde movement. If these comets were gradually to lose 
the peculiarities which distinguish them from planets—we should have 64 planets with direct 
movement, 47 with retrograde. The presumption we are considering would, in such a case, 
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be very much weakened. At present, we unhesitatingly exclude the comets on account of 
their striking peculiarities: in the case supposed we should with equal confidence include them 
in the induction. But at what precise point of their transition-state are we abruptly, from 
giving them no weight at all in the induction, to give them as much as the old planets ? 

(15.) It is difficult to acquiesce in a theory which leads to so many conclusions seem- 
ingly in opposition to the common sense of mankind. 

One of the most singular of them may, perhaps, serve as a key to explain their nature. 
When any event, whose cause is unknown, occurs, the probability that its @ priori pro- 
bability was greater than } is 3. Such at least is the received result. But in reality, 
the a priori probability of a given event has no absolute determinate value independent of 
the point of view in which it is considered. Every judgment of probability involves an 
analysis of the event contemplated. We toss a die, and an ace is thrown. Here is a com- 
plex event. We resolve it into, (1) the tossing of the die; (2) the coming up of the ace. 
The first constitutes the ‘trial,’ on which different possible results might have occurred; the 
second is the particular result which actually did occur. They are in fact related as genus 
and differentia. Beside both, there are many circumstances of the event; as how the die 
was tossed, by whom, at what time, rejected as irrelevant. 

This applies in every case of probability. Take the case of a vessel sailing up a river. 
The vessel has a flag. What was the a priori probability of this? Before any answer 
can by possibility be given to the enquiry, we must know (1) what circumstances the person 
who makes it rejects as irrelevant. Such as, e.g. the colour of which the vessel is painted, 
whether it is sailing on a wind, &c. &c.; (2) what circumstances constitute in his mind the 
‘trial ;’ the experiment which is to lead to the result of flag or no flag; must the vessel 
have three masts? must it be square rigged? (3) What idea he forms to himself of a flag. 
Ts a pendant a flag? Must the flag have a particular form and colour? Is it matter of 
indifference whether it is at the peak or the main? Unless all such points were clearly under- 
stood, the most perfect acquaintance with the nature of the case would not enable us to say 
what was the a priori probability of the event: for this depends, not only on the event, 
but also on the mind which contemplates it. 

The assertion therefore that ¢ is the probability that any observed event had on an @ priori 
probability greater than 3, or that three out of four observed events had such an @ priori pro- 
bability, seems totally to want precision. A priori probability to what mind? In relation to 
what way of looking at them ? 

(16.) Let us see if this will throw any light on the question. Let hk be a large number. 
And suppose we took f/ trials and that the probability of a certain event from each (considered 


5 : 1 : : : 
in a determinate manner) was oa let us take a second set of A trials for which the same quantity 
m : 


and 1, 


‘wane m 
is —: and so on to 
m 


When the trials have taken place, we shall have approximately, 


1 2 m—1 
h(i tee t +1 
mm m 


of the sought events. Of these 


1 1 1 2 
al (5 +=) <= (5 +o) +--+}, 
2 mM 2 ™m 
had a priori a probability greater than 1. Summing these series and dividing the second by 
3m 
4m 


The limit of this, when m is infinite, or when we take an infinite number of sets of trials is 3, 
which is the received result. 


+2 ; ° 
the first, we get = for the ratio which the latter class of events bears to the total number. 
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(17-) Thus, it appears this result is based upon some thing equivalent to the following as- 
sumption :—There are an infinity of events whose simple probability @ priori is 2, and another 
infinite number for which it is #. These two infinities bear to one another the definite ratio of 
equality, (# and a may represent any quantity from 0 to 1.) Now in reality, as we have seen, 
these numbers are not only infinite, but im rerwm natura indeterminate, and therefore the assump- 
tion that they bear to one another a definite ratio is illusory. 

And this assumption runs through all the applications of the theory to events whose causes 
are unknown. 

This position could be directly proved only by an analysis of the various ways in which this 
part of the subject has been considered, which would require a good deal of detail. Those who 
take an interest in the question, may without much difficulty satisfy themselves, whether the 
view I have taken (which at least avoids the manifest contradictions of the received results) is 
correct. 

(18.) I will add only one remark. If in (16) instead of taking one event from each of the 
trials there specified, we had taken p in succession, and kept account only of those sequences 
of p events each, which contained none but events of the kind sought; we should have had 
of such sequences 


of which 
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would have belonged to trials where the simple @ priori probability was > a the ratio of 


these two expressions is ultimately 
fr ada TN 24 
pk vee lees ( ) i. 


>— = 
if uPdax 


This is the expression applied to determine the probability of a common cause among similar 
phenomena, as in the case already mentioned of the planets. 

But this application is founded on a petitio principii: we assume that all the phenomena 
are allied: that they are the results of repetitions of the same trial, that they have the same 
simple probability ; all that, setting other objections aside, we really determine, is the probability, 


aes ee ; : 1 
that this simple probability common to all these allied phenomena is > Be 


But how does this determine the force of the presumption that the phenomena are allied, 
or to use Condorcet’s illustration, that they all come out of the same infinite lottery ? 

(19.) The object of this little essay being to call attention to the subject rather than 
fully to discuss it, I have omitted several questions which entered into my original design. 

The principle on which the whole depends, is the necessity of recognizing the tendency 
of a series of trials towards regularity, as the basis of the theory of probabilities. 

I have also attempted to show that the estimates furnished by what is called the theory 
a posteriori of the force of inductive results are illusory. 

If these two positions were satisfactorily established, the theory would cease to be, what 
I cannot avoid thinking it now is, in opposition to a philosophy of science which recognizes 
ideal elements of knowledge, and which makes the process of induction depend on them. 


Il. On the Reflexion and Refraction of Light at the Surface of an Uncrystallixed 
Body. By the Rev. M. O'BrreEN, late Fellow of Caius College. 


[Read Nov. 28, 1842.] 


Tue object of the present paper is to determine completely the Laws of Reflexion and Re- 
fraction of Light, without introducing any empirical considerations, or omitting to take into account 
the normal vibrations which are generated in cases of oblique incidence. Though several eminent 
mathematicans have written upon this subject, I believe that most of what is here contained is new. 
I must state, however, that I have not been able to procure a Memoir by M. Cauchy, which 
he constantly refers to in his Ewercices d’Analyse et de Physique Mathématique (for 1840), 
and in which he has given a general method of arriving at the equations of condition relative 
to the limits of bodies. I can therefore only guess at the physical principles upon which he 
obtains his equations of condition, which equations, in the form he has given them in the 
Evercices for 1840, are particular cases of those obtained in the present paper. As M. Cauchy 
states that he has made use of some new principles in obtaining his equations of condition 
(see the Nouveaux Evercices, Prague 1835, p. 203), I am justified in assuming that the 
method employed in the present paper is different from his; for I have deduced my equations 
of connection, not from any new physical principal, but from an old and obvious one, which 
has been either directly used, or tacitly assumed by all the writers upon the reflexion and refraction 
of Sound and Light, that I am acquainted with. This principle is very clearly stated by 
Poisson, in the Mémoires de l'Institut, Tom. x. p. 320. 

The following is a brief outline of the course pursued in the present paper. 

In Section I. I have proved some very simple theorems by means of which I have after- 
wards deduced the laws of reflexion and refraction, without assuming the integrals of the 
equations of motion, or supposing the waves to be plane. 

In Section II. I have deduced the equations of connection of the vibratory motion of two 
media, separated by a plane, from the principle above alluded to. These equations of con- 
nection are apparently the same as those given by Mr Green in the Cambridge Transactions, 
Vol. vit. p. 11.; but they differ from them very materially with respect to the constants in- 
volved in them, and on that account they, and the results deduced from them, are perfectly 
free from difficulties* which seem to me to be fatal to the correctness of Mr Green’s equations, 
and which he appears to have felt himself. I shall not however enter into this subject now, 
as I shall be obliged to do so on a future occasion. 

I have shewn that these equations of connection are considerably simplified when we 
suppose the ether to have the same constitution as ordinary gases, and neglect the variation of 
temperature. 

In Section III. I have applied these equations of connection to determine completely the 
laws of reflexion and refraction of polarized light, both as regards direction, colour, and in- 
tensity, taking fully into account the production of normal as well as transversal waves in the 


* One difficulty I have mentioned a little farther on. Another difficulty is this, that there are just the same constants (4) and 
(B) in Mr Green’s Equations of Connection, as those in his Equations of Motion: which arises, first, from an error in the form 
of the function p. (Cambridge Transactions, Vol. vit. p.7), and secondly, because ¢, is not symmetrical round the axes of y and 
& at the plane of separation, as Mr Green assumes it to be. 
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case of oblique incidence, where the vibrations take place parallel to the plane of incidence. 
The laws, which the directions of the normal rays obey, are curious, and have not been noticed 
before, so far as I am aware; nor indeed can I perceive that these rays have been taken into 
account in a satisfactory manner by writers upon this subject. 

In this section I have shewn that if we take the equations of connection in their simplest 
form, Fresnal’s formule will result from them on two suppositions; first, that normal waves 
are propagated very slowly compared with transversal waves; and secondly, that normal waves 
are propagated with the same, or nearly the same, velocity in vacuum and in transparent media. 
The former hypothesis seems to me to be very improbable, for it is very difficult to conceive 
a stable medium in which normal waves are propagated more slowly than transversal. I may 
observe here, that M. Cauchy’s equations and results are obtained by assuming the truth of 
this hypothesis, (see his Hwercices for 1840, p. 135), and appear, on this accoun,, liable to 
objection. 

In Section IV. I have shewn that Fresnal’s formulee may be applied, without making any 
vague use of the symbol A at, to the case of Total Internal Reflexion, and that he was 
fully justified in the very remarkable interpretation he put upon his formule in this case. 

In Section V. I have shewn that normal waves will never produce any sensible effect on 
the eye by producing transversal vibrations, provided the velocity of propagation of noi-nal 
waves be either very great, or very small, compared with that of transversal waves. 

In Section VI. I have attempted to prove, from well established experimental laws, that 
polarized light consists of vibrations at right angles to the plane of polarization. 

In Section VII. I have briefly shewn how we must proceed when the equations of con- 
nection are not taken in their simplest form, in which they are used in Section rrr. 

Lastly, in Section VIII. I have obtained expressions which apply to substances of high 
refractive power, such as the diamond, and from which I have deduced results in exact 
accordance with the experiments of Mr Airy. These expressions are different from those of 


Mr Green, which certainly cannot be correct, since they give (see Cambridge Transactions, 
2 2 


: 1 1 - - 
Vol. vir. p. 23,) — = more than Ta for plate-glass; and — = more than —, for diamond: which 
a a 


results are utterly at variance with experiment. The fact is, Mr Green’s original mistake 
respecting the constants (4) and (B), mentioned above, obliges him to suppose that the index 
of refraction is the same for normal and for transversal waves, and this makes his results true 
only for substances of very low refractive power; for instance, they are quite at fault in the 
case of common plate-glass, both as regards the intensity and the rotation of the plane of a 
polarized ray. If y is put=m in my result, it agrees with Mr Green’s, which confirms the 
correctness of what I have just stated. 


SECTION I. 
Preliminary Observations. 


Berore we proceed to the direct investigation of the laws of Reflexion and Refraction, we 
shall make a few observations, which will be found useful hereafter. 

(1.) Let a, B, y be the small displacements at any point (wyx) of a wave propagated 
with a normal velocity (v); p, q, s the direction of the cosines of v, and V the actual velocity 
dB dy 


* . < 5 5.0 a 
of the vibrating particle, i.e. the resultant of the velocities ant deel ee 
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Then we have the following relations, viz. 


and similar equations connecting the partial differential coefficients of 8, y, and V, 
or any function of these quantities. 

It is easy to prove these equations, without assuming the integrals of the equations of 
motion, in the following manner: 

Let P be the point (wyx), AP the wave-surface which contains P at any time ¢, A'P' the 
position of this wave-surface at the time ¢ + d¢, PP’ the normal 
to the wave at P, PQ’ a line parallel to the axis of a 
meeting th »wave 4’ P’ in Q’. Then assuming da to represent 
PQ’, we have 


(Cesare 


PP’ = PQ cos P’ PQ = pdw. 

Also, since the space PP” is described in the time d¢ 
with the velocity v, PP’=vdt; hence we have 

vdt =pdva......(1). 

‘Now at the time (¢ + dé), any point of the wave d’P” is in 
the same phase of vibration as any point of the wave AP at 
the time (¢); therefore a, B, yy, V, or any function of these 
quantities will not be altered by putting # + da, and ¢ + dt, 
for # and ¢. We have therefore 


da da : da 
—da+—dt= hich t 1 SS = SS - 
qa % + oF dt=0, which by (1) becomes a ier 


In the same way we may shew that 
da qda da sda 
— and = = 


and thus the truth of the equations (4) is proved. 


(2.) Suppose the wave-surface to be a cylindrical surface perpendicular to the plane of «2, 
the vibrations to take place parallel to that plane, and therefore B=0, q=0, and a and y 


independent of y: then we have the following relations between V, v, and the partial differential 
coefficients of a and vy, viz. 


da Edy 
de =) ’ dt Vs 
d 
CEN eee eke ay —— ie laa for normal vibrations. 
dx x v 
da ay « 
ds da 
da d 
crane aca ead g 
(G) ereess da i ay = veeeeefor transversal vibrations. 
dx dz 
da dy & V 
dz dx v 
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To prove these formule, let PP’ be the normal, and 
@ the angle which the direction of V makes with PP’, 
then V is equivalent to Vcos@ along PP’, and V sin 0 
perpendicular to PP’; therefore, since s and p are the 
sine and cosine of the angle which PP’ makes with the 
axis of v, we have 


oes V cos0.p —Vsin@.s......(1), 
dt 

dy : 

ap Y One at Visini@ iiptecres (2), 


da dy 
da’ dw 
In these two equations, and in (1) and (2), put 9=0, and we immediately obtain the formule 


(B); again, put O=-, and we obtain the formule (C)*. 


(3.) If uw, w,, ws, &e....u, be any functions of # and ¢, such that the equations 
This pe iy Be) Sanna nena eb) Danancaadansnsesnoacsoecadancoass | Ely 
du; du, du, dus du, du,, 


—=a —= = a, — = a, — 
aa dt=, aa 2at dx dt 
are true for all values of x and ¢; a, a5 d3,... &C. being any }constants; then must 


QA, = By = Az pervecves — Qn- 


For ae) —a dQ) ives by (2) 


dx "Lae 
du, dus du,,_; 
(a, a,) aE + (az - a,) ae solela ete + (4,1 _- a,) dt = 0) on. (3). 
. d(s) d(3) d(2) 
A >—- ae == 5 
gain, —— = Gas qe bives by ae 


Pu,» a 


ad > 
= SSA a G: = a,) (a,_2 a ,_1) df 


dt 


dt 
(a 7, a,) (a, ia @,_,) i 4 (a. =a a,) (a, aed a,-1) 


* The formule (B) and (C) are particular cases of the following, viz. 
en ee 
dat dy* de Pe 
dg da\? /f(dy dB\? (da dy\* V2. ., 
(E-H) > (i) (82) owe 
which may be easily proved. 
+ The result of this Article is also true when a;, a3, az... &c. are variables, provided they vary very slowly compared with w,, 


eens ; da; da : d 
Wz, Uz, &c.: in which case == aia &c, will be extremely small compared with = =, &e. 
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And by repeating this process, we find finally that 
(a, —4,) (4 - Gn=1) (@ — Gn~2) (.----- )(@- a2) = 0, 
which shews that some one of the constants a., a;, &c. must be equal to a,. Suppose that 
a,=a,, and put u,+u,=u'; then we have w' instead of the first two terms of (1), and 


du‘ au . ‘ 
aa = 0, a instead of the first two equations of (2), and therefore, just as before, we may 
@ 


shew that 
(a, — @,) (& — Gy_,) (.-0 ee ) (a, — a3) = 0. 
Therefore a, must be equal to some one of the quantities a;, a,, a;, &c.; let it be a;, then 
proceeding as before, we may shew that a,=a,, and again, that a,=a,, and so on. We 


have therefore 
a, = Qs = az er a,,- 


(4.) The equations (4), (B), (C) in the preceding articles, may be very readily obtained 
from the integrals of the equations of motion in the case of plane-waves of polarized light. 
For when the wave-surface is a plane and the light polarized, we have 


a=au, B=bu, y=cu, 
where w=f(vt—pw—qy-—sx), and a, b, c, any constants. 


By differentiating these expressions with respect to wv, y, *, and ¢, observing that p, q, s 
are now constants, we have immediately the equations (4). 


To obtain the equations (B) and (C), we must put gq =0, b=0, and then we have 


Now a’? +c? = (ap +es)* + (as — ep)’, 


eesti du ; du da du : dy du da du dy 
so = =v = 0 Sa ee as —=Uv-—, c¢cp—=t—, 
Pat Gakt. Wed ade ahs is aes OE? ohh ae 
| da dvy\* da dvy\* 
renee, (eoaepieee pet cere =2) 
as vw (> + 2) =; (> da; 
: : da dv 
Now for transverse vibrations, we have ap+es=0, or rr =0, and for normal, 
x = 
da dy : ; ‘ 
as—cp=0, or Hey Tae 0: hence the truth of the equations (B) and (C) is manifest. 


(5.) If any of the quantities p, q or s, be imaginary, (a case we shall have to consider 
hereafter) the first method of proving the formule (4), (B), (C), fails, but the second method 
does not. In such a case we call the vibrations transversal when the condition ap +es=0 
holds; and normal when the condition as —cp=0 holds; and it follows easily from the 
equations of motion, (see Cambridge Transactions, Vol. vit. p. 416) that transversal and normal 
waves, thus defined, are in general propagated with different velocities; i. e. the constant v is 
different for these two species of vibration. 

(6.) It is important to observe that, in articles (1), (2), the wave is supposed to be pro- 
pagated in the direction PP’, i. e. from P towards P’. If therefore p, g, s be positive 
quantities, the motion of the disturbance along PP’ tends to increase a, y, and x; if p be 


negative it tends to diminish w, if q negative y, and if s negative x. 
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SECTION II. 


The general Equations of Connection of the Vibratory Motion of two Elastic 
Media, separated by a Plane Surface. 


(7.) THE two media are supposed to consist of discrete particles symmetrically arranged, 
and acting upon each other with forces varying according to any law which ensures stable 
equilibrium. By the Surface of Separation, we simply mean an imaginary plane described 
between the two media, the particles of one medium lying on one side of it, and those of 
the other on the other side. In the immediate vicinity of this plane, the media are supposed 
to exercise a mutual repulsion, so that no mixture takes place. We shall take the plane of 
separation to be the plane of vy. 

(8.) We shall obtain the general Equations of Connection of the vibratory motion of the 
two media, by means of the following self-evident Principle. 

When a very small vibratory motion is communicated to a stable system of particles, such 
as the two media just described, we may assume that the vibratory motion will always remain 
very small, and, at most, of the same order of magnitude as the original motion. 

This principle is either tacitly assumed, or employed as self evident, by all the writers who 
have treated of the problem of the transmission of waves from one medium into another. Poisson 
states it very clearly in the Mémoires de V Institut, 'Tom. x. p. 520, and makes use of it precisely 
as we shall do in the present paper. It is evidently assumed in the Article Sound, Ency. Metrop. 
p- 776; for by saying that the two media must have a common elasticity at their junction, and 
that that elasticity is expressed by E(1 + Bs), and E’(i + 3's’), the writer supposes that there 
is the same slow variation of elasticity at the surface of junction as elsewhere, and therefore the 
same slow variation of pressure, and consequently the same small vibratory motion, 

(9.) To apply this principle to the case we are at present concerned with, let wyz (x= 0) 
be the co-ordinates of the equilibrium position of any particle (P) of the lower medium in the 
immediate vicinity of the plane of separation, a, 3, ry its displacements at the time ¢, and let 
v+oa, y+ oy, +62, a+da, B+6R, y+ oy be the co-ordinates and displacements of any 
other neighbouring particle (Q) of the lower medium ; also let 7+ Aw, y+ Ay, x + Ax, a+ Aa, 
3+AB, y+ Av be those of any particle (P’) of the upper medium. 

Put r?=da°+ dy?+ 62", and r?= Aa?+ Ay’? + Az’, 
and let mf(r), m' (7) be, respectively, the forces exercised by Q and P’ on P. Then, if X be 
the whole force, parallel to the axis of w, brought into action upon P by the vibration, we have 
(see Cambridge Transactions, Vol. vu. p. 403) 


1 
X= Im Sf(r)da+ il (r) da (dvda + dydB + dxdy)t 
, , U 1 , , 
+ L'm' Sp ()Aat op (r') Aa (ArAat AyAB+ AzAy)}, 
= referring to the lower medium and >’ to the upper. 
In this expression we shall substitute for da the series 
da 
dx 
Also, let a’, (3', ry’ be the values which the displacements a+ Aa, 8+ AP, y+ Ay, assume 
when wv, y, * (=0) are substituted in them for a+ Aw, y+ Ay, = + Ax, then we have 


, 


d d 
Sap ogee ost Breise a: 
dy x 


oda dd’ da’ 
a+ Aa=a +— Aw +— Ay+ — Az + &e....... 
dx dy z 


Now the differences of the corresponding displacements of two contiguous particles at a distance 
from the plane of separation must be indefinitely small, (supposing of course, as is always done, 
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that the interval between two contiguous particles is extremely small, compared with the length 
of a wave); therefore, by the principle stated in Article 8, the same must be true of the displace- 
ments in the immediate vicinity of the plane of separation, which cannot be the case unless we 
have a =a. Hence 


, 


da da da 
Aa=—7 A+ dy Ay+ aah “nic Conce aves 


Substituting these expressions for da, and Aa, and similar expressions for 63, dy, AB, Avy, 
and observing that all sums involving odd powers of da, dy, Aw or Ay, must vanish, in 
consequence of the symmetrical arrangement of the system about the axis of x, but that sums 
involving odd powers of dx or Ax do not vanish, since the particles are not arranged symme- 
trically with respect to Bs hes of ax, we pe 


=-(C+ D) * —_—- De as ts (C’ = p) __+ p* —_ +higher differential coefficients, 
where — C = Imf(r) ox, -D = Xm ¥(r) da* dex, 
r 


C' = Ym’ p(r’) Az, D 


i 


Lm’ = ~ $'(r') Aa Az. 


(We assume the two first constants in a negative form, because dx is negative, whereas Ax is 
positive). 

It is evident that ~C + C’=0, is one of the conditions of previous equilibrium, therefore 
we have C’=C in the expression for 1. 

Now since the length of the wave is extremely large compared with the sphere of action 
of the molecular forces, the part of X involving first differential coefficients, has its several 
terms extremely large compared with those of the part involving second and higher differential 
coefficients (see Cambridge Transactions, Vol. vir. p. 408): therefore, unless the former terms 
mutually destroy each other, AX will be extremely large compared with the corresponding force 
which acts upon a particle at a distance from the plane of separation (for this force involves 
.only second and higher differential coefficients, see Cambridge Transactions, Vol. v11. p. 408) ; 
and if this be the case, the vibratory motion of the particles at the plane of separation will 
be extremely large compared with that at a distance from it, contrary to the principle stated 
in Article (8). Hence the terms of X involving first differential coefficients must destroy each 
other, and we therefore have 


da dy , da , dr’ 

Ce) aa dnc Co haat de wencvccscce nna vectocesecuce (1). 
In exactly the same way we may shew that uP is 
dy Y 

(C + D) Fp =c+d) SBog poe SE eeeeunaee eee “AOS Saceede: (2). 


Lastly, the force parallel to the axis of x is 
1 N 
=m { f(r) dy + ar ©) dx (Ovdat dy dB + dxdy)} 
, , 1 "4? 
m'Sd(r’) Ay + FPO ) Az (Aa Aat+ AyAB+ Av Ay)}, 
which, treated as ae gives y=, and 


(C+ m= tp (H+ 4) -C+e) Zev (H+) eee ts 
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Observing that =m af (r) dydx=—-D, Dm = ¢(r') Ay Az=D, 


1 1 
and putting — Z and E’ to represent =m Sh) os* and >'m’ 7 P(r) As* respectively. 


(10.) Hence it appears uate if a, B, y be the displacements at any point (wyx) of the 
lower medium, and a’, ', y' those at any point (a’y'x’) of the upper, and if we put a= UE 
y' =y, x =x=0, then the equations (1), (2), (3), and the equations, a=a, B=6; y=; 
will hold for all values of w and y. Now this being the case, we may differentiate these 


d d es 
equations with respect to # or y; therefore = = = , and therefore (1) may be put in the 
form 
dy » {da dr’ 
See ah Dyke Se 
(c+ D) (4 +2) -(c +) (FS +S), 
and a similar alteration may be made in (2) and (3). 
Hence, if we put C+D=M, C+ D'=M’', C+E=N, C+E=N’, we have the follow- 
ing equations : 


=a, B= S36 y=y Coe mee ceo ses resceseosenerecteseee (D), 


a dy\ , (da dv’ 
= M’ |—+— 
ae (s+ oO Ty) : Ge E Pll 


ip a dp! dey Bcc aDoGODe 45 (C2) ¥ 
x ' De 
= J —— 
se laws dy =a : = - 7) 
dy a dp da ne) 
ESL See ti A" | —— 4 —— }}) sores fF). 
wots M (G+) - ai a4 Gee dy @) 


These are the general equations of connection of the vibratory motion of the two media ; 
they hold at all points of the plane of separation, i. e. they are true for all values of w and y, 
= being put equal to zero. wi 

(11.) We shall now compare with the last of these equations the equation of connection 
furnished by the common law of elasticity, in the case of two ordinary elastic fluids separated 
by plane surface. 

Let p be the pressure at any point of the lower medium when at rest, considered as a 
common elastic fluid; then the pressure when it is in a state of vibration, will (by the law of 
elasticity) be (See Airy’s T'racts, note, p. 278, 2nd Ed.) 


Ow oy Oz da dB dy 
» Ie Geil or pfi—n (2 aaa male 


n being a constant nearly equal to unity, depending upon the alteration of temperature during 
the vibration. 


Similarly, the pressure in the upper medium will be 


4 , dda dp dry’ }. 
ie 
E | e ( °F =i 


Now these two pressures ought to be equal at the plane of separation; also, by the con- 
ditions of previous equilibrium, p = p’. 


Hence, when z=0, we have 


n (SS 4 dp 7 |= 


d , d U d ’ 
he (2 pate | 
d dy * dz de dy dz 
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Comparing this with the equation (#’), we see that 
Min 
N=M, N=M, and —=-—. 
Mn 
(12.) In our ignorance of the constitution of the liminiferous ether, it is natural to 
assume that it is of the same nature as ordinary elastic fluids, and that it accordingly obeys 
the common law of elasticity; we shall, in the first instance, make this assumption, and there- 


, 


fore put M=N, M'=N’, and M’=eM, where c= -, a quantity not differing much from 


unity; and then the equations (Z) and (fF) become 


d d A ’ 
— + et € (= 4: aX) 
dz dx dz an .. 
dB hs dy : dp’ By’ | ooese eorecsceececceeeecees > 
dx dy — ; ear aa 

da 48 | dy da dp’ on 

a ee Heat. (HD). 


Further, if we neglect the variation of temperature, and therefore put ¢ = 1, these equations, 
in virtue of the equations (D) differentiated with respect to w and y, assume the simple forms 


da hy, da’ dp J dp’ dy _ dy’ (D 
Tn dsinde codes de dae 


(13.) The equations of connection just obtained, along with the equations of motion given 
in the Cambridge Transactions, Vol. v11. p. 409, are sufficient to solve all problems respecting 
the propagation of waves from one medium into the other. We shall assume that these equations 
of motion hold up to the very plane of separation: which of course is not accurately true, 
since there will most probably be a variation of density in the media in the immediate vicinity 
of that plane. If we describe two planes parallel to the plane of separation, one above it and 
the other below it, including between them the slice of the two media in which this variation 
of density is sensible, it is easy to see that, in consequence of the smallness of the sphere of 
action of the molecular forces compared with the length of a wave, the thickness of this slice 
will be extremely small compared with the length of a wave. Indeed, if one medium exercised 
a sensible action only upon those particles of the other which are immediately contiguous to 
the plane of separation, the thickness of this slice would be actually zero. We shall therefore 
consider this slice to be of insensible thickness, and regard it as a physical plane. This being 
assumed, we may, without sensible error, suppose that the equations of motion hold up to the 
very plane of separation. All therefore that is proved of the propagation of waves in a sym- 
metrical medium in the Cambridge Transactions, Vol. vii. p. 416, &c., we shall assume to be 
true up to the very plane of separation. 

We shall in the following Section, use the equations of connection in their simplest form, 
viz. (D) and (J); and afterwards, in Section vit., shew how we must proceed when they are 
taken in their most general form, viz. (D), (£), (F). 
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SECTION III. 


Application of the Equations of Connection just obtained to the case of ordinary 
Reflexion and Refraction. 


(14.) We shall first consider the case of cylindrical or plane-waves perpendicular to the plane 
of ws (which will therefore be the plane of incidence), the vibrations taking place at right angles 
to that plane. 

In this case a=0, y =0, a’ =0, y’=0, and # is independent of y: therefore the six equations 
of connection, (D) and (J), Section 11, reduce to two, viz. 


Ba Bo. ae 5 gai 


We shall suppose that the whole motion consists of three sets of waves (for we shall shew 
presently that it cannot in general consist of only two), one set in the upper medium, and two 
in the lower. Let 8+ 8, be the whole displacement at any point of the lower medium, the part 3 
arising from one of the sets of waves, and the part 8, from the other; then we must write 3 + B, 
instead of 3 in the two equations of connection, which therefore become 


i 
(ot / 0 Eee S (B+ B) = 2B, beet (2). 


Now, using the notation in Article (2), we have 


Hence, and by the equations (A), Article (1), = and (2) immediately give us 
, ES Fe atin 
V+ V=V 200 (8); hey V= a eoooon (2) 


Again, since by the equations (4), Article (1), we have 
av av. Wav An aw dv’ p' av’ 


CT TSN ee Mie Ck tein mig 
and by (3), V+ Vj—V’=0; 


and since ~, 3 
v, 
compared with V, V,, V’, on account of the extreme smallness of the length of a wave of light ; 


we have by Article (3), (see Note), 


Bek ‘, are either constants (in the case of plane-waves), or vary very slowly 


Now v =v, therefore 


DP)=P «0.00. (5); P = MP «0000. (6) {here anol. 


v 


Hence, observing that g, ¢,, 9’, are each zero, we have 


2 
sas, aN 
Be 
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® ait cat 


ives — = —, which is in general inconsistent with (6); we must there- 
(3) 8 » 0 8 


fore take s=—s. We may suppose s’ to have either sign. Hence by (3) and (4), we have 
Vee. s(V-—V)=us'V’, which give 
s—ps’ 


el earn YF V'= ; 
S+ ps S+ pus 


If we take s,= 8, —— 


2s 
V= 


‘ 


eer (3) F 


(15.) We shall now interpret these results. 


Supposing p and s positive, the normal propagation of the wave V tends to increase w and 
(see Article 6); and since p= Be! 8,=-— 8, that of the wave V, tends to increase # and diminish z; 


and since p’'=pp, s=+ Ni ine -— +,» that of the wave V’ tends to increase x, and to increase or 
we 


diminish x. Hence we have two cases according as we take the upper or lower sign of s’. 
Fig. (1) represents the first case; X’4X and Z'AZ Z 

are the co-ordinate axes; NA, NA, N’A are the normals (1) N 

to the waves V, V,, V’ respectively, the arrows representing 

the direction of normal propagation, N and N’ tending to 

increase w and x, and N, to increase a and diminish zx. t 

Since p,=p, and p'=pp, we have £4 NAZ’=2NAZ, , / 


and sin N'AZ=, sin NAZ’. This is the ordinary case * 


values of V, V,, and V’ respectively, oe intensities of the 
three rays NV N, and N’ will be proportional to a’, a’, a”. 
Now by (7) and (8), we have 


of reflexion and refraction. If a, a, a’ be the maximum 
7 z 


, 


7“, a= 7 a 
S+us S+ us 


s— ps’ 28 
a= a 

These are Fresnel’s formule for the intensities of the reflected and refracted rays of a ray 
polarized in the plane of incidence. 

Fig. (2) represents the second case, in which s’ is negative ; (2) N $ 
and therefore N’ tends to diminish x. This case may occur in Kk 
the following manner. An incident ray along NA will produce é 
a reflected ray along AN, and a refracted ray along AN”, 
ZN” AZ being equal to 2 N’AZ; and another incident ray 
along N’A will produce a reflected ray along 4N”, and a re- 
fracted ray along AN,. Now let the intensities of the two rays 
along AN” be equal, and let one of these rays be half a wave 
behind the other; then they will interfere and destroy each 
other, and we shall have remaining only a ray along NA, one 
along N’A, and one along AN, (namely, the sum of the two 
along AN). ‘This is exactly the second case. 

(16.) It is evident, that, in the ordinary case where the rays N, and N’ are the effects 
produced by the ray N, the normal propagation of N’ will be from and not towards the plane 
of separation: therefore s’ must have its positive value, and consequently the second of the above 
cases cannot occur. 

(17.) If we suppose either V, or V’ equal to zero, the equations (7) and (8) give us 
either s—yus'=0, or s=0, neither of which equations can be generally true. Hence the 
incident ray must, in general, be accompanied by a refracted and a reflected ray, or the equations 
of connection cannot be satisfied. 


Wor. VIII. Parr I: 6 
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(18.) It appears from (7) and (8) that V, and V’ have the same periodic time as V; it 
follows, therefore, that the colowr of the reflected and refracted ray is the same as that of the 
incident. 

(19.) We shall now in the second place consider the case of cylindrical or plane-waves 
perpendicular to the plane of wx, the vibrations taking place parallel to that plane. 

In this case =0, and a and v are independent of y: therefore the six equations of con- 
nection, (D) and (EF) Section 11, reduce to four, viz. 

a= Gey. 
da dd dy dvr’ 
dx idem rasan ids - 

If we attempt to satisfy these equations by three sets of waves, as in the preceding case, 
we shall immediately arrive at the conclusion, »°=1; which shews that these equations cannot 
be satisfied in this manner. The reason of this is obvious; for, in the case of vibrations per- 
pendicular to the plane of incidence, it is clear that no normal waves will be produced by the 
refraction and reflexion: but in the present case, supposing, as of course we do, that the in- 
cident vibrations are transversal, we have every reason to suppose that normal vibrations will 
be generated by the reflexion and refraction. Therefore, since normal waves are in general 
propagated with a different velocity from that of transversal, we shall have to take into account 
a set of normal waves in the lower medium, and one in the upper also, not coinciding with 
the transversal waves. 

Let at+a,+a, and y++yi+y., be the whole displacements at any point of the lower 
medium, and a’+a”’, y+", at any point of the upper; the parts a, y., a’, yy’, arising 
from the normal waves brought into existence by the reflexion and refraction. Then, the four 
equations of connection become, 


Gos oh bE Na) CSCI qagooaccaccacaaue (Gh). ee ae sontion. soo peoaan9a0 (2))n 
d d / ” , ” 

= )= = wesw MO))5 = 2 i Cyt Sy™) kelmretelnre : 
qq fe tute) =F lata) (3) Sty ty) +7’) (4) 


From (1), or (2), by the equations (4), and by Article (3), we have, as in the preceding 
case, (Article 14), 


d(i 
Also (3) - oe and (4) + C =e), give us, by the equations (B) and (C), Article (2), 
Via a lee 
i ee Be ooect (6), a Fe one (7). 
d(i d(2 
Also ae and a give us, by the equations (B) and ((C), 


Vs + Vis, — Vop, = V's’ = V'p’ ....0- (8)s 
Vp + Vip, + Ves. = Vip + V's" ...00. (9). 

These equations, namely (5), (6), (7), (8), (9), completely solve the problem as in the pre- 
ceding case. 

From (5) we get p,=p, and therefore s,= +s. As in the previous case we must take 
the lower sign; for otherwise V and V, would enter into each of the equations, (6), (7), (8), 
(9), in the form V+V,, and therefore we might eliminate altogether the quantities V, V;, V’, 
V,, V”, from these equations, and so obtain an equation which would not be generally true, 
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since it would contain no disposable quantity, p,, p’, p”, s., s’, s”, being all given in terms 
of p by (5). We have therefore s, = —s. 

For the reasons given in Article (16), we must take the positive values of s’ and s”, and 
the negative value s,; i. e. we must put 

2 het 2 2 
s= + 2 ae =+ 1- (<p) sats (10), 8 = — ype (=P) soeeee (11). 

Hence, if we take the arrows N, N,, N2, N’, N”, (3) = 
to mark the directions of the rays, as before, Fig. (3) 
will represent the circumstances of the case, and we 
have 

Z£N,AZ'= 2 NAZ, sin N'’AZ =p sin NAZ, 


”" 


sin N,AZ’ =~" sin NAZ’, sin N” AZ = — sin NAZ’. 
v 


Thus, both the reflected and the refracted normal 


” 


: ran yes te 
ray obey the law of refraction, putting 3 and =n 


stead of 4. The transversal rays are circumstanced 


just as in the preceding case. 
(20.) We now proceed to compare the intensities of the rays N, N,, and N’, and we 


shall do this, first, on the hypothesis that normal waves are propagated very slowly compared 
with transversal. 


Z N, 


” 


. . VU; © 
On this hypothesis we may suppose that — and — are zero, and then, by (5), we have, 
v v : 


P2=0, p’=0. Hence, writing a, a,, a’, for V, V,, V’, as before, we have by (6) and (8), 
@+aq=na, s(a-—a)=s'a, 
ps—s : Q5 
ry ME 7 
ps +s ws+8 
These are identical with Fresnel’s formule for light polarized at right angles to the plane 
of incidence. 


and therefore a, = a. 


To determine a, and a”, we have, by (7) and (9), (observing that s,=-1, s’=1 by (10) 
and (11) ) 
ds a’ 
ee" 
2 
p(a+a)-a=p'a +a’, or a,+a’= (up —p')a’ by (6); 
v -—1 2ps A On 
therefore ees Ee Bei f a” =— a, 
Ug+Uv Bw mwBst+s Vs 


(21.) We shall now make a different hypothesis, and suppose that v, is equal or very nearly 
equal to v’. 

On this hypothesis, we have by (5) p, =p”, and by (10) and (11) s,=-s"; therefore by 
(6) and (8) we obtain 

a+a=pa, s(a-a)=s‘a, 

which give us Fresnel’s formule just as before. 

Also by (7) and (9) we have 

a=a", p(a+a)—s"a=p'a'+s’a’; 

we Fi 2ps eg 
BS BS+s 


therefore a, =a" = 


C2 


20 Mr. O’BRIEN ON THE REFLEXION AND REFRACTION OF LIGHT 


(22.) Lastly, we shall try whether any other hypothesis leads to Fresnel’s formule in this case. 
If Fresnel’s formule hold, it is cay to see that 
s(a—a,)=<s'a', and therefore s(V-V,) =s'V’; 


yo 


therefore by (8) we have V.p,= Vp", and therefore by (7) and (5) 

v2 =v? 
from which it is evident that no other hypothesis except those in Articles (20) and (21) will lead 
to Fresnel’s formule in this case. 

‘The second hypothesis here employed seems to me to be the only one we can adopt; for 
it is extremely difficult to conceive how normal vibrations could be propagated more slowly than 
transversal in a stable medium. 

If we do not suppose that v, is very nearly equal to v”, we may proceed to find V, and V’ in 
terms of V in the following manner. 

Substitute for V’ and V, their values got from (6) and (7) in the equations (8) and (9); then, 


V2 
putting — =v, we have 
v 


(us 8) V— (uses) V= Vp-p, upp) (V+) = VC" ~ v8) 


Hence, if for brevity we put Se = = (up - p) =n, we have 
(us -— 8) V- (ute) Y= n(V+V), 
and therefore V = eget 
MSt+sS +7 
: : 2 pata pales 
and from this expression we may easily find V’, since V’ = 4, 
iT 
Since p=ypp’, and p,=vp", we have 
n= —1)@-1).7 nies 
V8». 


SECTION IV. 
Explanation of the case of Total Internal Reflexion. 


(23.) Since p = pp’, p’ will be >1 when p is > (which it may be when yu is <1), 
and then s’ will be impossible; and Fresnel’s formule become imaginary; which indicates that 
the equations of connection cannot be satisfied by the three rays in Article (15), or the five rays 
in Article (19). We shall now consider how the equations of connection may be satisfied under 
such circumstances, and first in the case of vibrations perpendicular to the plane of incidence. 


Let us suppose that the general value of V is 


a = 
= — ek(vt-pr—sz)V=1 
V =< ek(t-pe-e Vi... (1). 


~ 


It is allowable to give V this value, though it is imaginary, since it is an integral of the equa- 
tions of motion, and is capable of satisfying, analytically, the equations of connection, and the 
equations (A), (B), (C), Section 1, (see Article 5). Moreover, by superposing two such imaginary 
values of V, viz. aek*t-P*-)V=1 and ae-*t-»2-2)V=1, we obtain a real value, viz. a cos k (vt—px—sz), 
which will of course satisfy the same linear equations as the two expressions of which it is the sum, 
i.e. the equations of motion and of connection. 
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Assuming then this value of V, we have at the surface of separation, 


a pe 
= = ek(vt—pr) V=1, 


, 
a3 28 
and therefore V =~ Ea © ek t-p2) Vl, V’= = © oeict—p2) Vai, 
{8+ 4s 2 S+us 
Hence if 4 a,ett-r2+#)V=1, and 4 a’ et tt-p2—#) V=1, be the general values of V, and V’, we have 
, 
s—ps 28 
= LG; a = a, 
‘ §+us s+ us 
i! 2 
1) f 
and of course kv’ = kv, p=-p= P ; and s)=+ ho fe 
v B 


Now let us assume 


fam rae : s wo 
1-7 aa. —1 (supposing p>p), and —=t>¥ -1=+//-1 tana, 
M 


then a = e=*V=-la, a.= 2 cos w eF*V=1a, 
and the general values of V, and V’ become 
Vi= Lae tkvt-pr+e)zm}V—1,,,,,.(2), V’ = acos we lk t—px)xe}/-i+koz, | (3). 


Now let us superpose the system (1) (2) (3), taking the lower of the double signs, with 
another system formed from (1) (2) (3), by putting —% for & and therefore —k’ for k’ and 
taking the upper of the double signs. The result of this superposition will be the following 
real system, viz. 

V = acosk (vt — px —sz), 
V,= acos {k (vt — pw +sz)+2w}, V'=2acoswe *% cos {k (v't —p'x) + wt. 

These values of V, V,, and V’, since they are real, and satisfy the equations of motion 
and of connection, represent a possible case of motion. The expression for V, shews that there 


is a reflected ray, of the same intensity as the incident ray, but having its phase altered by the 
quantity 2w. The expression for V’ gives 4a°cos’we**** for the intensity of the refracted ray, 


. . . . . . . . , 29 rs . 
which quantity rapidly diminishes as » increases, since & = Vy? and )’ is extremely small. This 


indicates a complete extinction of the refracted ray. If we had taken the upper signs instead of the 

lower, and the lower instead of the upper, in the above process of superposition (as we might have 

done), we should have obtained e?*%*, instead of e~?*’*, in the expression for the intensity of 

V‘. Now this represents an intensity which increases rapidly with x, and therefore a vibratory 

motion which becomes extremely large compared with that which gave rise to it, contrary to the 

principle stated in Article (8). We must therefore take the signs as we have done above. 
The alteration of the phase of the reflected ray is given by the equation 


s 


This is exactly the first case of total internal reflexion considered in Airy’s Tracts, p. 361. 
(second edition) *. 
(24.) We shall, in the second place, apply the same method to the case of vibrations parallel 


AV 
to the plane of incidence. To do this we have only to put tan | eee 


= > and 
KS Ms 


1 
“ The « in Airy’s Tracts is the same as the ja here. 
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we arrive at exactly the same expressions as before, for V, and V’, with this difference, that 
2a cos w 


the coefficient of V’ is instead of 2acosw. 
wh 


This is exactly the second case considered in Airy’s T'racts, p. 361. 


SECTION V. 
Why Normal Waves never produce any sensible Effect on the Eye directly or 
indirectly. 


(25.) We must suppose of course that normal waves cannot produce vision directly, (i. e.) 
that when such waves are incident on the retina they do not affect the optic nerve in such a manner 
as to give rise to the sensation of light. But we have proved that when a transversal ray 
undergoes oblique refraction it brings into existence normal rays, and it would be easy to shew 
that, in the same manner, the oblique refraction of a normal ray will produce transversal rays. 
Therefore, though normal waves cannot affect the retina directly, they may do so indirectly, 
by giving rise to transversal waves. Now it is a matter of fact that they do not produce this 
indirect effect, and it therefore becomes necessary to explain theoretically why they do not. 

(26.) If we take the hypothesis in Article (20), it is easy to do this. For suppose the 
normal ray, generated by the oblique refraction of a transversal ray at the first surface of a prism 
or lens, to fall on the second surface at an angle of incidence sin~'p, and let the transversal 
ray produced by this oblique refraction emerge at an angle sin~'p’, then, as in Article (19), we 


, 


iGo eee anos 
may shew that Se ae and therefore p = 7 P- Now by our hypothesis a7 is very large, 


” 


therefore, unless p is very small (in which case the transversal ray will not be produced at 
all), p’ will be >1, and s’ impossible; ¢.e. the transversal ray will be extinguished. (See 
Article 23). 

Thus the normal waves generated by the first refraction, will not produce transversal waves 
at the second refraction. 

Again, if we take the hypothesis in Article (21), and assume moreover that v” and v, 
are large compared with v and v’, it is easy to see, by similar reasoning, that the normal rays 
will be extinguished immediately after their production by the first refraction. 

It is evident, therefore, that on either hypothesis (adding to the latter, that v, and v” are 


large compared with v and v’), normal waves will produce no sensible effect on the eye, even 
indirectly. 


SECTION VI. 


Whether Polarized Light consists of Vibrations at Right Angles to, or Parallel 
to the Plane of Polarization. 


(27.) THERE can be no doubt of the truth of Sir D. Brewster’s law of tangents, and 
the laws of the rotation of the plane of polarization given by M. Arago, and Sir D. Brewster. 
From these laws we shall attempt to prove, that polarized light consists of vibrations perpen- 
dicular to the plane of polarization, in the following manner. 
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If possible, let polarized light consist of vibrations parallel to the plane of polarization ; 
then taking the equations of connection in their most general form, viz. (D), (£), (F), 
Section 11., and proceeding as in Articles (14) and (15), we find, for light polarized perpen- 
dicularly to the plane of incidence, the following formule : 


, 
S—eEus 28s 
Pag ev Ve : 
Stems S+eEenus 
where Cae 
e€ = ———_—.. 
C+D 


Now, by the law of tangents, V, ought to become zero when the tangent of the angle of 
incidence is p, 7. e. when s’=ys. Therefore we have 


1 
s—ep’s=0, and therefore e=—, 
“ 


and this gives us 
2s 


as+s' 


, 
Ms—s 

V, = ——|, J, v= 
MS+S 


Now if U, U,, U’, U., U”, be the velocities, when the light is polarized in the plane of 
incidence, we have, by the laws of the rotation of the plane of polarization, 


U, s—us pws+s' U UW’ ps+s' U 


ir ser pee OW aie: 
Hence, by the above expressions for V,; and V’, we have 
Q2us 


U, = ;U, Us , U, 
&S+us S+ ps 


, 
S—us 


and from these equations we find 
a(O+ USO X.3.. Qi), #(0=U0,) =97U'...... (2) 
Now from the equations of connection (D), we have, as in Article 19, equations (8) and (9), 
s(U —U,) — Uzp, = s'U'— U"p’, 
p(U + U,) + Uys, = p'U' + U's”, 
which, by (1) and (2), and since p=pp’, become 
U,p,= U"p", Uye,= U's". 


” 


Now since — a Pe , and v”, v, are essentially positive, p” and p, have the same sign; 
vo 


2 
therefore U, and U”, and therefore s, and s” have the same sign. Now by Article (19), 
equations (10) and (11), s: and s” have opposite signs, which is absurd. The only way to 
get over this, is to suppose that U, and U” are zero, but then it will be impossible to satisfy 
the equations of connection for all values of p. (See Article 19). 

Hence it follows that, if we adopt the hypothesis which supposes polarized light to consist 
of vibrations parallel to the plane of polarization, and take into account the experimental 
laws above stated, we arrive at an absurd result. 

We may therefore conclude, that Fresnel’s hypothesis is true. 
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SECTION VII. 


How we must proceed when the Equations of Connection are taken in their most 
general Form. 


(28.) THE equations (5), (8), and (9), Article (19), are still true, being deduced from 
the equations (D), Section 11., without making any hypothesis respecting the constants. But 
instead of (6) and (7), we shall arrive at two equations, somewhat more complicated in form, 
as follows. 

da da’ dy dvr 


The equations (£) and (F’), Section 11., may, in virtue of the equations ie ds? ap ee 


be put in the forms 


da dy aida dy’ 4 dry’ 
(C+D) (-) = (C+D) (Se -F)+2@- Ds, 

dy da nfidcy. “da ; ; da 
(C+E) (5% +5*) = (C+ EB) (G+) +O-F-D+ DS. 


Now, in these equations, as in Article (19), we shall putat+tat+@m, y+tyity, ata, 
r+ y", for a, ¥; a’, -y’, respectively, and then, as in Article (19), and by the equations 
(4), (B), (C), Section 1., we obtain immediately the following equations, 


V+V Ay ; ee 
(C + D) (= (C+D) 5 -2('- Dd) (sy 5 +8" 5) 


v 


1 


Ld , 


V. Ves ; ¢ ppt ' 
(C+ bE) 22 (CPE) = 5 OSE 2 Dep) (sp =~ P"). 
Ve v v ” 


From these equations, and the equations (8) and (9) Article (19), we may find V,, V’, 
V., and V” in terms of V. We shall not calculate these values, as they are rather complicated, 
and not necessary to the object of the present paper. The last of the equations just obtained 
considerably simplifies when we suppose the ether to obey the common law of elasticity, in which 
case we have D’- E’-D+E=0. (See Article 12.) 

It is easy to see that Fresnel’s formule cannot be deduced from these equations, unless D=D’, 
and E = E’, and therefore it will be useless to employ the equations of connection in their 
most general form, as it is highly probable that Fresnel’s formule are experimentally true for 
a great number of substances. 


SECTION VIII. 
Intensity and Phase of the Reflected Ray, in the case of highly Refractive Substances. 


(29.) '[HERE are some substances, such as the diamond and other bodies of high refractive 
power, for which Fresnel’s formule do not appear to be accurately true. It is easy to account 
for this in the following manner. 

When we do not assume that v,=v", we have, by Article (22), 

ytd) 

Pp 
” 0 
8” — p8 


us—s —7 
wst+s +H 


V, where » = (v* — 1) (u’ - 1) 


/ 
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Now, by Article (26), we must suppose that v, and wv” are very large compared with 
» and vw’, and consequently that s, and s”, and therefore y, are impossible quantities. Let us 
accordingly put 


and we then have 
ps s’ cos w 


V= 


‘ 


; eM UY, 
w8S+s8 COS Vy 


Now this value of V, indicates, as in Section tv, that the intensity of the reflected ray is 


“s—8s cosw)? (us—s)? - 
{is +s’ cos + % (us +8) — 9 a’, (by (1) and (2). 


And that its phase differs from the phase of the incident ray by the quantity (+ #). 


7 2 ” ” 
v v PTD wn 
To calculate 7, we observe that s” = ai - (—) Spa bweay nearly, since — is very 
v v 


ee Us ° “” . A 
large: and similarly, s, = —-p—v/-1. We here give s” and s, opposite signs, because the ex- 
v 


pressions for V, and V” will contain the factors e'*¥-1 and e**’=¥-1*, Now one of these 
(namely, V”) ought to diminish rapidly as x increases, and the other (V,) ought to do so as x 
decreases; but this cannot be if s” and s, have the same sign, therefore we must take these 
quantities with different signs. 

p pr’ 
Mh 


Hence » = (v?— 1) (#? - 1) z 


v’ : ? 
( +P Ps) / —1 


v 


: Vs 
and therefore, since »v=—, we have 
v 


”? 
. 


yh —1 pP—1 }? 
- t= 4 Pt. 


v+i 71 


If we suppose the light to be incident at the polarizing angle, the expression for the intensity 
of the reflected ray becomes (since at that angle us = s’= p) 


(== we i 
-7 Peet as 
a* a £ 


+ 4p? — 9 ne ae 
v+i1 Qu ) 


a’. 


3 = 1\* 1 
For common plate-glass we may put a and therefore (% ) a nearly; and for 
2 =m 


12 
5 
v is the same for both, the intensity of the reflected ray at the polarizing angle is about six 
times greater for diamond than for plate-glass. But we have every reason to suppose that v 
(the index of refraction for normal waves) and » (that for transversal) will increase together. 


2 2 
. Bee 1 : 
diamond we may put ~» = —, and therefore (es - ) =1 very nearly. Hence, supposing that 
“ 


* See the process of superposition in Section IV. 


Vors Vil, Pant I. D 
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Pat 4 J 
Let us suppose, at a venture, that the value of y is 6 for glass, and 3 for diamond: then the 


Poa? 1 1 5 
value of (2 is about —— for glass, and — for diamond; therefore we have 
v+i1 100 15 


a@ 1 
a” = — for glass 
600 aa. 


4 


a i 
a? = 5 for diamond. 


‘ 


These expressions, if correct, would indicate that the reflected ray was scarcely visible for glass ; 
and faint, though decidedly visible, for diamond: which, I believe, is the case. From this example 


: A zy 11 
it is clear that if we suppose the normal index of refraction to be less than about wa when the 


Q 


transversal index is less than BY the reflected ray at the polarizing angle will be scarcely visible 
for plate-glass and substances of lower refractive power: and if we suppose the normal index not 


4 f é aie 
less than about — when the transversal is greater than 2, the reflected ray will be decidedly visible. 
vo 


Supposing this to be true, — 7° will be very small for substances of moderate refractive power, 
and therefore Fresnel’s formulz will hold for such substances, at least the deviation from Fresnel’s 
formule will be insensible. 

Hence, for substances of moderate refractive power w will be always small; but yy, and there- 
fore the phase (w+) will increase rapidly by very nearly 180° while the angle of incidence is 
passing through the polarizing angle; this is evident from (1). 

For substances of high refractive power, — 7° will not be very small; therefore there will be 
a sensible deviation from Fresnel’s formule. Moreover w will not be very small, and W, and 
therefore the phase (w+) will increase by a quantity somewhat less than 180°, while the angle 
of incidence is passing through the polarizing angle. 

These results are in strict accordance with the experiments of Mr Airy; see the Cambridge 
Transactions, Vol. 1v, p. 422. 


III. On the Possibility of accounting for the Absorption of Light, by supposing it due 
to the Motion of the Particles of Matter. By the Rev. M. O’Brien, late Fellow 
of Caius College. 


[Read Feb. 14, 1843.] 


Wuewn we take into account the motion of the particles of matter (see Cambridge Transactions, 
Vol. vit. p. 421*), we arrive at the following equation for determining the velocity of propagation 
(v’), viz. 

m,C mC 
=~, + = — 
v—mB vw — mB? 
the disturbance being proportional to cos k (vt — x). 
If we put kv = n, this equation becomes 
n® (v? — mB) (v? — m,B) = C {m, (v® — m,B,) + m (v® — mB) {v*......00-(1). 


which is a quadratic equation for determining v* when 7 is given, é, e. when the colour is given, 


Io = 


: 2m . B A 
since — is the time of vibration. 
n 


This equation affords a complete explanation of the dispersion of light, and it may also be 
applied to account, apparently in a satisfactory manner, for the absorption, as follows. 
Suppose that the roots of the equation are impossible, then we shall obtain four values of v, 


F 1 — 
which we may put in the form, - = + ¢ + y has 1s 
v 


u — 
Now a = ae"('-s)¥=! is an integral of the equations of motion; hence we have four integrals 


included in the formula 
ae aettt=(FetnV=1)wV=1, or aetnnt, en(tteu)/=1, 


From these imaginary integrals we obtain the real integrals 
a = ae". cos n (t + ew). 


Now we must not suppose a continually increasing intensity of vibration; and therefore the 
upper sign of the exponential coefficient must be rejected, as is usually done in similar cases: we 


have therefore 
a = ae~™" cos n(¢t = eu). 

This expression indicates a continually decreasing intensity of vibration different for different 
colours (since 7 is evidently a function of 2), and thus the supposition that the roots of (1) are 
impossible, leads to an explanation of the absorption of light. ; 

It is easy to follow out this explanation into detail, and to shew that it agrees with experiment 
so far as it goes; but the object of the present paper is to prove, very briefly, that there is a serious 
objection against the supposition that the equation (1) has impossible roots, and therefore against 
the explanation of absorption depending on the motion of the particles of matter. To do this, we 


* Since the paper here referred to was printed, I have been | persion and Absorption of Light; but I am not aware that 
informed that Professor Lloyd had previously read a paper on | his paper has been printed, for I have not been able to pro- 
the same subject, in which he gave an explanation of the Dis- | cure it. 

D2 
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must investigate the equations of connection of the vibratory motion of two media separated by a 
plane (as in a previous paper in the present part of the Cambridge Transactions), supposing that 
one of the media is composed of material as well as ethereal particles. 

We shall make the same suppositions, and use the same notation, as in the paper just referred 
to; assuming the upper medium to contain material particles, and a, (3, -y, to belong to any one of 
them, a, 3, y, and a’, 3’, +’ belonging (as before) to the etherial particles. 


Then the force eae to the axis of w on any particle of ether at the plane of separation 
will be 


d d , , 
(C+D) = + D Se —(C’+ D’) = - D sad + terms of superior order. 


The terms of superior order here alluded to consist, in the first’ place, of higher differential 
coefficients of a, 3, ry, a’, 3’, ry’, and secondly of terms arising from the action of the material parti- 
cles, the largest of which we have assumed, in obtaining the equation (1), to be of the same order 
of magnitude as the second differential coefficients of a, (3, yy. Hence we have at the plane of 
separation 


da dy a dv’ 
—+D— Ce Oca tor: SE Tk PE ORES, SEU : 
(C+D) Ae & ae =(C + Dies + D oe (2) 
In the same way we obtain 
dp dy , , dp' , dry’ 
— — = dD’) — Sa aeiteeresure daccbess castes 
ie: (C’ + ae ae (3) 
da df , (da dp 
= E’ —— ee ; 
(C+ BD %4D (T+ =) (C’ + i + D (G+ a scloay (4) 


We also find, just as before, 
aia; Bi=sp: OY = yc ws ouisce chee CO): 


In addition to these six equations of connection, we obtain three others in the following 
manner. 
At the plane of separation the force acting on any particle of matter is 


=m {W(7,) da, + = W'(r,) da, (Ox, da, + dy 68, + dx, d4,)$ 


+ a part arising from the action of the ethereal particles. 
This may be reduced, as the force on an ethereal particle, to the form 


(C 


observing that we include the part arising from the action of the ethereal particles among 


the terms of superior order for the same reason as before. We have, therefore, at the surface 
of separation, 


da d 
C 32D) =p 
(C, + paeee ‘ da e 


and similarly (C+D) es +D, a = fy cater .tsls (O): 
z# y 


d 
(C+ E) 4D, (+B) 20 


These nine equations, namely, (2), (3), (4), (5), and (6), are the complete equations of 
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connection which apply to the case of reflexion and refraction, the motion of the material parti- 
cles being taken into account. It is evidently not allowable to simplify these equations by 
putting E = EK’ and D=D’, as we did in the previous paper. Moreover, instead of having 
G— GC we have C=C’ HG. 

Our present purpose requires us to apply these equations only to the case of rays incident 
directly on a refracting surface; we shall therefore suppose that the quantities a, y, a, y, a’, +’; 
are each zero, and that 6, 8, 2’, are functions of x only: then the nine equations of connec- 
tion reduce to three, viz. 


: dp_ dp ap, 
(6) [Gy ooasonl (iO )s aoa qe 8) ya = 0......(9), 
Cla Dd! 
h h = —_. 
where C+D 


We shall assume v to be the velocity of propagation in the lower medium, and v’, v” the two 
velocities in the upper, namely, the two roots of the equation (1). We shall suppose that the waves 
in the upper medium are an incident and a reflected, and in the lower, two refracted waves, one 
propagated with the velocity v’, and the other with the velocity wv”, for it will be impossible to 
satisfy the three equations (7), (8), (9), with only one refracted wave. Hence, using the same 
notation as in the previous paper, we have from (7), (8), and (9), 


V+ r- ig Ae al (ae ee (10), 


pe Powe 
— Vi) — = HF peecceeces ; 
(V ue he (11) 
ie | Add 


—++—-—=0 “Goognoneedasnl G2) 
v v 


When V’ V” belong to the two refracted waves, and V/ V,” to the corresponding waves of the 
particles of matter, observing that the two latter waves are propagated respectively with the same 
velocities as the two former (See Vol. yr1, p. 421). 
Hence, if we assume in general that 
V= aer(t~)V=1, y; = a eM()V=1, V= a’ etlt-a)v =l &e., &e. 


We have from (10) (11) and (12), putting x=0, 


a+a,=a +a" “care nae CE 
v v 
tose C+ Ie amceas toe. (Le) 
vy’ 
LilaiaG a’ scricoo dey (HAN. 


Also by the two equations in the middle of page 423, Vol. v11.* we have (a’ and a’ or a” and a,” 
here, correspond to a and a, there) 
"2 2 
apa att o -mB a! fe mv?—mB _, 
SS at So , Syne 
m,v? — mB f mv? —mB 
Hence by (15) we have 
v?-mB vw’ -mB,v" , 
v?-_mB, v?—-mBv' 


a= 


ecneexvenQlOo)e 


" In the second of these aa, is written by mistake instead of a,—a, 
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Also (13) + (14) gives 
24a= (: +5) a’ + (: + a) CIS ROME CA CON, 
v v 


And from (16) and (17) we have 


” 


atiyee i deO)\G0 vo? —mB v? -— mB, 3 (is) 

2a= a = + S| can =n i piovelpiaisieinie ; 
ee? ( =| vv? —mB, v?’—-mB 

Now if we suppose the roots of (1) to be impossible, we have 


1 == 1 == 
—=e+nV/-1, = =¢e-4V —1, 
v v 


Making these substitutions in (18), we evidently find an expression for a’ of the form 


a’ =f (coow+/—1 sin w) a, or, feev=).a; 


where f and w are real quantities, the former of which does not change sign when — y is put for y, 
but the latter does. Now a’ becomes a’ when v” is put in place of v’, and v’ in place of v"; i.e. 
when — 7 is put for 7. Hence we have 


Gi! = Siemon 1G: 
Hence the general expression for V'+ V” is 
fa Neen enlt-S)VA4 enon, en(t-3) V=it ; 
or, fa fe™.e { n(t-ez) +o} V/F +e" ¢ { n(t-ez)—o } VEly wee Fe .»- (19). 

(19) therefore is the symbolical disturbance in the upper medium arising from the symbolical 
disturbance ae”(’-s)V— in the lower. By changing the signs of m and y, and therefore of w, we 
find that the symbolical disturbance a e-"(*-3)V— in the lower medium gives rise, in the upper, to 

fa fen, e- { n(t—ez) + } /=1 + enim, e- { n(t—ez)—w } vat ’ 


Hence, superposing these two sets of disturbances, we find that the real disturbance 


a cos n («-=) 
v 


in the lower medium gives rise to the real disturbance 


fale .cos {n(t—ex) + wt +e°-"". cos {n(t —ex) — w} | 
in the upper. 


Now this latter expression indicates a continually increasing intensity, and therefore if the roots of 
(1) were impossible, light after refraction would continually increase in intensity in passing through 
the refracting substance; a result which is quite at variance with experiment. Hence we may 
conclude that the roots of (1) cannot be impossible, and that the explanation of absorption given 
above is not true. In fact, that explanation falls to the ground if we be not at liberty to reject the 
integral .a e””* cos n(¢ — e x) and retain ae~”"* cos n(¢ — ez), which we cannot do without violating 
the equations of connection, as is evident from the process just gone through. 

It appears, therefore, that though the action of the material upon the ethereal particles affords a 


complete and satisfactory explanation of dispersion, we must look to some other source for an 
explanation of absorption. 


IV. On a new Fundamental Equation in Hydrodynamics. By the Rey. JAMES 
CHALLIs, MA., Plumian Professor of Astronomy and Experimental Philosophy in 
the University of Cambridge. 


[Read March 6, 1843.] 


Tue object of this communication is to shew, that in addition to the two fundamental 
equations of Hydrodynamics already recognised, a third is necessary to complete the analytical 
principles of the science. 

For the purpose of reference I shall call the two known equations, the dynamical equation, and, 
the equation of continuity of the fluid. 'The same notation will be made use of as in my last 
paper: p is the pressure and p the density of a particle whose co-ordinates at the time ¢ are x, y, x, 
and the components of whose velocity V are w, v, w, in the directions of the axes of co-ordinates. 
X, Y, Z are the impressed forces in the same directions. A differential coefficient is put in 
brackets to indicate that the differentiation refers both to the co-ordinates and the time: a 
differential in brackets means that the co-ordinates alone are differentiated. All differential co- 
efficients not in brackets are partial. 


1. It will be assumed that in any case of fluid motion an unlimited number of surfaces may 
be drawn at each instant, cutting at right angles the directions of motion. In other words, it 
is assumed that the directions of motion at every instant fulfil the condition of geometrical 
continuity. In my last paper it was shewn that if 


v 


Vv RS oh Cee (1). 


dy = de+ dy + 


w 
N 
the factor WV being such that the right-hand side of the above equality is an exact differential, 


the general differential equation of all these surfaces at all times is dy,=0. It is not necessary 
that the surfaces should be continuous: that is, it is not necessary that the equation of a given 
surface should be the same function of the co-ordinates through its whole extent. But that the 
condition of the geometrical continuity of the directions of the motion may be maintained, each 
surface must be made up of parts, either finite or indefinitely small, which are surfaces of continuous 
curvature. Hence the quantity N has a real value for every part of the fluid in motion; at least, 
motions for which this is not the case, if there are such, do not come under our consideration. 


2. Let the integral of the equation dy =0 be W(a,y, 2, t)=0, the arbitrary function 
of the time being included in the function yy. The surfaces of which this is the general equation 
I shall continue to call surfaces of displacement. Since the equation y/(2, y, x, f) = 0 embraces 
all the surfaces of displacement at all times, it will include the surfaces of displacement of a 
given element of the fluid at two successive instants of its motion, if the path of the element 
in the interval be continuous. It is not necessary that the path of an element through its whole 
extent should be determined by the same equations, but it is necessary for the continuity of 
the motion that it should be made up of parts, either finite or indefinitely small, which are 
geometrically continuous, and that the directions of motion at two successive instants should not 
make a finite angle with each other. The condition of the continuity of the motion of each element 
is therefore expressed analytically by the equation dv/(2, y, x, ¢) = 0, the symbol 6 having reference, 
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as in the Calculus of Variations, to the function y, while the co-ordinates and the time vary with 
the varying position of a given element. Hence, 


aba, , Ma, HY 
eH é =f 
dt PA ag 
But d2=wudt, dy=vét, and dx=wdt. Consequently, 


ay dy dy dy 
apt te fay Fp Se ie) 


The main object of the arguments in this paper will be, to shew that the equation just 
obtained is a necessary and fundamental equation of Hydrodynamics. I propose to call it, with 
reference to the principle on which it was investigated, the equation of continuity of the motion, 
to distinguish it from the equation of continuity of the flwid. 


It may here be remarked, that in the place of the actual surface of displacement we might 
have reasoned in the same manner on a surface having with it a contact of the second order 
at the point zyx; for instance, the surface whose equation is, 


Ga Ey Be Gay) 


ee = —1=0, 
m n® Pp 


the six parameters a, 3, y, m, 7”, p, being functions in general, both of the co-ordinates and 
the time. Writing Ff =0 for this equation, it is clear, that when the co-ordinates and parameters 
vary with the change of position of an element, we shall have oF =0, provided there be no abrupt 
change of the parameters, and consequently no abrupt change of the curvature of the surface 
of displacement and of the directions of the lines of motion. This equation, therefore, to which 
the equation ow (z, y, %, t) = 0 is equivalent, expresses the condition of continuity of the motion. 


3. Before entering on the consideration of equation (2), it will be shewn by an example 
that the two recognised fundamental equations are insufficient for the general determination 
of fluid motion. One instance of contradictory results legitimately deduced from those equations 
will suffice for this purpose. The example I have chosen is as simple as possible. 


Let the fluid be incompressible, and the motion be parallel to the plane of zy. The equation 


dv 


d 
of the continuity of the fluid for this case is = a Pia 0. Ifw=mz and v = — my, that equation 
y 


is satisfied. ae values make wda + saul an exact differential. Hence the dynamical equation 


gives, p=C -— = (et +¥y°), the arbitrary quantity being either constant or a function of the time. 


: srg en EG, F ‘ } 
By putting p =0, we obtain 2 + y? = — for the equation of the free surface of the fluid, which 
y m 
is therefore at all times cylindrical, and hence the velocity is every instant the same at all points 


d 
of the surface. But the differential equation of a line of motion is es = = me The lines 
@ 


of motion are therefore rectangular hyperbolas having the axes of co-ordinates for asymptotes, 
and the directions of motion are consequently different at different points of the cylindrical 
boundary. Hence it is impossible that the boundary can be constantly cylindrical. This 
contradiction proves that the equations on which the reasoning was founded are either erroneous or 
insufficient. We have no reason to suspect any error in the principles from which they were derived, 


and must therefore conclude that they are insufficient. It will appear afterwards that this instance 
does not satisfy the conditions of continuity. 
‘ 
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4. Since u= yee 7 ee as > and w= ye we readily obtain from equation (2), 
dz dy dz : 


dw ay ay ay & 
a w(e ee a) 2 Dee HG): 


which equation determines N. 


A remark is important here. It appears from the equality (1), that wdx+vdy+wdz 
=Nd\,, and it might hence be supposed that when the left-hand side of this equality is integrable, 
we are at liberty to assume N = 1, and to consider y identical with the quantity which is usually 
called @ in Hydrodynamics, But it is clear from the reasoning by which equation (2) was 
obtained, that N is a quantity of the same kind as the velocity, and that W is supposed to be 
freed from any factors which do not verify the equation \y=0, whilst dq is merely a substitu- 
tion for wda + vdy+ wdx, and its integral @ is subject to no such operation. It is not, 
therefore, allowable in any case to suppose the two quantities to be the same, on which account 
I have here employed the letter yy in the place of the @ of my former paper. When uwdw + vdy 
+ wd is integrable, in general N =f (t). F (fp). 

5. For the purposes of the reasoning on which we shall presently enter, it is required 
to shew, first, that when wdw+vdy+wdzx is an exact differential (d~), the integral of the 
dynamical equation may be taken from any one point of the fluid to any other, and that the 
arbitrary quantity to be added is either a constant or a function of the time only. This will 
appear as follows. 

The general dynamical equation is equivalent to the three equations, 

dP du dP dv dP dw 
Ao X+(F 5) =o, (4). Gy 72 * (qe) = ©: Zt (Goo (6). 


in which P is substituted for ae or for k* Nap, log p» according as the fluid is incompressible 


p 

or compressible. Assuming dw + YVdy+Zdsz to be an exact differential, putting (dd) for 
dP dP 

(= = X)de + ‘a - Y) dy + (5 - z) dx, and adding the above equations after multiplying 


dx 
them respectively by da, dy, dz, it is known that we obtain for the case in question, 


(dn) + (a.<) +4 (a {e fi c + =5}) 0) cee cncexyeo() 


. 2 2 
which, if V* be substituted for ae ee: ag" is equivalent to 


da dy * da’ 
dn &p dn @p av dy add 

+V—)|da +V—j)d + V—) dz=0. 

(at Tat ae) ee lass gyaet 7) 4 le Tue iz) 4 

But the quantities in brackets must be respectively identical with the quantities on the left-hand 


sides of the equations (4), (5), (6). Hence by reason of those equations, 


dn @&o dV ad ep dt @&o dV 
— V—=0 ee Sh S= V— =0. 
du 'dadt' da’ dy dydt~ a lite? dude’ de 
d x 
Hence, dividing the foregoing equation by dw, it will be seen that = and qa MY be of any 
é v 


arbitrary values. The integral of that equation may consequently be taken from any one point 
to any other of the fluid, and the arbitrary quantity to be added is independent of co-ordinates, 


Vout. VII. Parr I. 
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6. It is next required to introduce into the equation of continuity of the fluid, by means 
of equation (3), the condition of continuity of the motion. For this purpose the process must 
be gone through which is given in my former paper (Camb. Phil. Trans. Vol. VII. Part III. 
pp- 385, 386). The result there arrived at is, 

du dv dw udV vw dV w dV al 
de Vag ds Ee dae vd Vas ( ), 
where r, x’ are the principal radii of curvature of the surface of displacement at the point vyx. 
u da ww dy w dz 5 
Toa cede WV aeiea Hence if 
dV be the increment of velocity along the line of motion corresponding to the increment ds, the 
required equation becomes for incompressible fluids, 
dV ee 
v(-+ *) zee (ay. 


When the fluid is compressible we have the equation, 


iP 


If ds be the increment of the line of motion, we have 


dp d.pw d.pv  d.pw 
peal ———=(0; 
dt if dua dy as dz 


d d d d d d d 
or, <2 4 Ly soy + Pw + p( i? : ”) =o. 


dt dx + ay dz da dy + dz 
d d 
Now u = v—, v= ve, w= Vee and, as before, 


te eh eee Gy 
da ‘dy ds ds ~ 


By substituting these values in the equation above, it will readily be found that 
GB ae V, 5 +5) ="Osast aoe (9). 
eae: 

in which d.Vp is the increment of Vp along the line of motion corresponding to the increment 
ds of the line of motion. I have obtained equation (9) in my former paper (pp. 387 and 388) 
by elementary considerations, and equation (8) might clearly be obtained in a similar manner. 
That method, being independent, may be adduced in confirmation of the reasoning here employed, 
and of the general equation (2), by means of which the reasoning has Leen conducted. It also 
has the advantage of shewing distinctly that the increment d.Vp in (9) must be limited to 
the direction of the line of motion, unless Vp has the same value at all points of a given 


surface of displacement; and that dV in (8) must be similarly limited, unless the velocity be 
the same at all points of a given surface of displacement. 


The equations (8) and (9) may be called equations of absolute continuity. When they 
are satisfied consistently with the respective dynamical equations, there can be no breach of 


continuity and the motion is possible. Examples will hereafter be adduced to illustrate the 
use of these equations. 


du dv dw dV ( 7 


7. I propose now to determine by means of equations (8) and (9) in what cases of possible 


motion wda +vdy+wdx is an exact differential. This important question has not yet received 
a satisfactory answer.* 


* Lagrange in the Mécanique Analytique argues that wdv+ | and again, when the motion begins from rest. These theo- 
vdy+wdz is an exact differential when the motion is so small | rems occur in the Edition of Poisson’s Traité de Mécanique 
that powers of the velocity above the first may be neglected; | of 1811, but are omitted in that of 1833. Lagrange’s reasoning 
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First, let the fluid be incompressible. It has been shewn in Art. 5 that when wda + vdy + wdz 
is an exact differential, the dynamical equation may be integrated from any one to any other 
point of the fluid. But the result obtained by integrating that equation in this manner, 
does not give a possible motion unless the equation (8) be similarly integrable. Let this be 
the case. Then the first condition that must be satisfied is, that each surface of displacement 


p ae : Je Oe 
be a surface of equal velocity. For on no other supposition can the differential coefficient rH 
Ls 


remain the same, in passing from a given point to another indefinitely near in an unlimited 
number of directions. In the annexed figure P and Q are any 
two points of the fluid; QR is an orthogonal trajectory to the p 
surfaces of displacement situated at a given instant between 
P and Q; PR is a line drawn on the surface of displacement 
which passes through P, and intersecting QR in R. Now by 
hypothesis the integral of equation (8) may be taken between 
arbitrary limits. Therefore the integral from P to Q along PQ R 
is the same as the integral along PR and RQ. But the integral 
along PR is nothing, because PR is on a surface of equal velocity. 
Therefore the integral from P to Q is the same as the integral 
from R to Q. Supposing therefore the surface of displacement through P and the velocity in 
this surface to be given at a given instant, the velocity at any point Q is a function of the line 
QR, Let QR=s. Then Vds is a differential of a function of s and the time. Since, there- 
fore, dp = Vds, ¢ is also a function of s and the time. But the equation @ = 0 is the equation 
of a surface of displacement. Hence for a given surface of displacement s is constant. This 
proves that the surfaces of displacement are parallel to each other, the orthogonal trajectories 
are straight lines, and the motion is rectilinear. 

Again, let do be the increment of any line drawn arbitrarily on any surface of displacement. 


Then since the direction of the variation of co-ordinates in the equation (7) may be any whatever, 
we shall have, 


Q 


dX 
—+ 


n 
ED ht =.) 
do 


acaba 


4 net, . : . ty : 
But since i the effective accelerative force perpendicular to the direction of motion, and 
o 


, Med cS L d 
since, as we have seen, the motion is rectilinear, it follows that os 0. 
o 


, Pp : : du 
Consequently at ait 0. This proves that the equations udw +vdy+wdz=0, and at dx 
o 
+ < dy + = dx = 0 are true at the same time. The latter equation is the former differentiated 


with respect to ¢, on the supposition that dx, dy, dx do not vary with the time. It follows 


with respect to the first is liable to this objection :—he concludes 
that a = = ° ae = a 4 2 = “ , from approximate equa- 
tions, whence it follows that those equalities are approximate; 
whilst the inference that udx + vdy + wds is a complete differ- 
ential, requires that they should be exact. No reason is assigned 
by Lagrange for the other Theorem. The following argument 
shews it to be without foundation, If ‘each of the quantities w, 
v, w vanishes for a certain value h of ¢, they must each con- 


tain ¢—A asa factor. We may therefore assume that udx+vdy 
+wdsz =(t—h)*(Udx + Vdy+ Wdz), one at least of the 
quantities U, V, W not vanishing when ‘=A. Since t—h is 
unaffected by the sign of differentiation, if the left-hand side of 
the equality be an exact differential, Udr + Vdy+ Wdz must 
be an exact differential also. But the latter quantity is not 
necessarily an exact differential when ¢=/; therefore neither 
is the other, 


E2 
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that the direction of motion through a given point remains the same in successive instants. 
This is rectilinear motion, and it thus appears that the rectilinearity of the motion is in accordance 
with the dynamical equation.* 


When the motion is perpendicular to a plane, r and r’ are each infinite, and equation (8) becomes 


dV Weed : ; ; ; : cae 
aa 0. This is true whether the motion be in parallel straight lines or in concentric circles about 
s 


a fixed axis. But equation (8) does not enable us to determine whether in the latter of these two 
kinds of motion, wda + vdy + wdx can be an exact differential. This question will be con- 
sidered further on. 

Reserving then the case just mentioned, the following will be the conclusion to which the 
foregoing reasoning conducts:—T'he only motions of an incompressible fluid which are possible 
when udx + vdy + wdz is an exact differential of a function of three independent variables, 
are rectilinear motions. 


8. Now let the fluid be compressible. For the same reason as that adduced in the case 
of incompressible fluids, equation (9) cannot be integrated between limits entirely arbitrary 
unless Vp is constant along a given surface of displacement. And again, as before, if s be drawn 
at a given instant the orthogonal trajectory to surfaces of displacement from any point to 
a given surface of displacement, then Vp at that point is a function of s. Hence, since 
p (udx + vdy + wd) = Vpds, it follows that the left-hand side of this equality is integrable. 
But by hypothesis wdx + vdy + wdz is an exact differential d@. Hence, since pd = Vpds, 
p is a function of @, and p and @ are each functions of s. But Vp is a function of s. 
Therefore V is also a function of s. It is thus shewn that the surfaces of displacement are 
surfaces both of equal velocity and equal density. By reasoning precisely as in the case of 
incompressible fluids a like conclusion is arrived at; viz. that the only motions of a com- 
pressible fluid which are possible when udx + vdy +wdz is an exact differential of a function 
of three independent variables, are rectilinear motions. 


The above result and the analogous one respecting incompressible fluids, are evidently 
dependent on the fact that when wdx + vdy + wdz is an exact differential dp, both @ and V 
are functions of the variable s, which is a line drawn at a given instant in the direction of 
the motion of the particles through which it passes, commencing at an arbitrary origin and 
terminating at the point wyz. And again, this fact is a direct consequence from the general 
equation (3), as may be thus concisely shewn, That equation, on multiplying by N, becomes 


d d d dy 
ies V? =0: or, since V = N. ae it becomes Lae N Me =0. Now when WN is a function 
dt ds dt ds 


of ¢ only, and consequently wda+vdy+wdz is integrable of itself, the last equation by 
d 

integration gives \y a function of s and ¢. Therefore also ee or V, is a function of s and ¢. 

And since dpb =Vds, @ is also a function of s and ¢. 


9. It remains to consider what are the forms of the surfaces of displacement which satisfy 
the condition of rectilinear motion. 


* If all the parts of the fluid have a common motion in | it must be under given circumstances, and their amount may 
a common direction, the surfaces of displacement will partake | be calculated in the same manner as for a solid body. These 
of this motion, and the motion of the particles in space will | motions may therefore always be considered to be eliminated 
not be rectilinear. Such common motions are not the proper | by impressing equal motions on all the parts of the fluid in a 
subject of consideration in Hydrodynamics. When they exist, | contrary direction. 
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dV : : : 
Since V and Ge te the same at all points of a given surface of displacement when the 


Bass er : . oe ne / wae dee 
motion is rectilinear, it follows from equation (8) that in incompressible fluids —- + — is the 
r 


same at all points of the same surface of displacement. This is true also when the fluid is 
compressible. For since p is given for a given surface of displacement, and since the equation 


d d d 
aidan dy + mb Pee 0, obtained in Art. 7, proves that the surface of displacement through 


dt dt dt 
a given point does not vary its position, it follows that = is the same at all points of the 
: ae Sa dlp 
same surface of displacement. It has been already shewn that this is the case with and 
8 
; Tryagiltee, ‘ : 
Vp. Hence equation (9) shews that -+— is the same at all points of a given surface of 
r or 
s ass c “ a 1 1 r 
displacement. Again, if dr be an indefinitely small constant quantity, —— + ——— is con- 
r+or r+or 
A : Beal 1 1 1 
stant for the next contiguous surface of displacement. Hence if —- + = =e and — + >= 
r oT +or 9” +06r 
1 1 oc ; 
=c+ 0c, we have St = San= a constant. It follows that r and r’ must each be constant 
rT r 


for a given surface, and consequently that not only is the curvature the same, but the principal 
radii of curvature the same at all points of the surface. The only surfaces that possess this 
property are the surface of a sphere and that of the common cylinder. Hence the only motions, 
whether of incompressible or compressible fluids, that are possible when wdaw +vdy + wdz is 
an exact differential, are in straight lines drawn from a fiwed centre or perpendicular to a 
Jjized avis. 

10. By reviewing the reasoning which has conducted to the above conclusion it will be 
seen that after proving the dynamical equation to be integrable from any one point of the 
fluid to any other whenever wdw + vdy +wdzsx is an exact differential, the equations (8) and (9) 
were assumed to be integrable in like manner. It is necessary therefore to inquire under what 
circumstances the result obtained in the preceding Article is consistent with that assumption. 

Let wdxvw + vdy+wds be an exact differential, @ be a function of 7, and r* = v* + y? + 2% 
Then the equation of continuity of a compressible fluid becomes, 


P| & is : 2k? ea Fi Ze 
(w - <8) o_o _,<t oo (ee Hes )=0 


dr*} dr? d#@ “dr drdt dr\r r r ? 
which does not agree in giving @ a function of r unless the impressed force either be nothing 
or a function of 7. No such limitation is necessary with reference to incompressible fluids, 
because the equation of continuity applicable to them becomes, 


which gives @ a function of 7, whatever be the impressed force, It is, however, necessary 
that XY¥dwx + VYdy + Zdx be integrable. 


11. The investigation I have now gone through, shews that there are several defects in 
the reasoning of my last paper, which I will endeavour to point out as distinctly as possible. 
The first occurs in Art. 6 (p. 377), where it is asserted that ‘“‘/dr is not an exact differential, 
unless the variation of V from one point of space to another at a given instant, depends only 
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on the change of position in the direction normal to the surface of displacement.” This is 
not true as a general proposition, but it is true with reference to fluid motion, solely in 
consequence of the condition expressed by the general equation (2), as appears by the reasoning 
in Arts. 7 and 8 of this paper. Hence the Proposition proved in the ‘ Note’ added to the 
former Paper fails in giving support to the above cited assertion, because it takes no account 
of that equation. In fact, the proof neglects the curvature of the lines of motion, and therefore 
only amounts to shewing that in rectilinear motion a surface of displacement is a surface of 
equal velocity when wda+vdy+wds is an exact differential, or the converse—In the same 


“dy d dw 
Article (p. 378) it is said incorrectly, that 7, de + ay St —dzxe=0, because for a surface 


of displacement wda+vdy + wdz=0,” This is true only when the position of the surface 
of displacement through a given point is invariable, which should first have been shewn to be 
the case. The correct reasoning is given in Art. 7 of the present paper.—At the beginning 
of Art. 7 of the former paper (p. 379), it is supposed that in rectilinear motion the lines of 
motion may pass through ‘fixed focal lines.” The more complete investigation of the present 
Essay shews that they must be limited to passing through a fixed centre, or a fixed axis.— 


“od 
The assertion (in p. 382) that = and V are constant for a given surface of displacement 


at a given time, when wda + vdy + wdx is an exact differential,” is true, but, on account of 
the defects already mentioned, does not follow from any previous reasoning.—It is not generally 
true as asserted in p. 389, that “the variation of V at a given point is the same as if + 
and r’ were constant,” and consequently the equation derived from that supposition is of no 
value. I am not aware of any other points that require adverting to. 


I proceed now to make some uses of equation (2) which will shew the importance and 
necessity of it. 

12. First, let it be required to determine on what hypotheses the general dynamical equation 
is integrable. To do this it is necessary to introduce into the dynamical equation the condition 
expressed by the equation (2), or by its equivalent equation (3). I have already gone through 
the process for this purpose in Arts. 10 and 12 of my former paper. ‘The result there obtained, 
expressed in the notation of this paper, is 
d.[N d.fNdy | i 

Grades 
It is supposed in this equation that X¥dw + Vdy+ ee is an exact differential. This condition 
being fulfilled by the impressed beer the ee is integrable either if the second term vanishes, 
or if Ndw be integrable. Since es = [ ras, in the first case, _ = 0 and the motion 
is steady; in the other, wdx + vdy ae is an exact differential. These are the only cases 
in which the general dynamical equation is integrable. 


A+ = F(é). 


le : 2 
13. Next let it be required to find the factor ym proposed instances of motion, and 


to determine whether the motions are possible. 
To make the equation (2), viz. 
4y Mt, a 
‘dt dx dy dz 
convenient for this purpose, it will be transformed into another equivalent equation in the 
manner following. The equation y,=0, being by hypothesis the equation of a curve surface, 
may be supposed to contain besides the variables x, y, # explicitly, certain parameters a, b, ec, &e. 
which are functions of the co-ordinates and the time, and vary with the varying position of a 


= 0, 
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given element of the fluid, but which are constant in passing from point to point of a surface 
of displacement through either a finite or an indefinitely small space. Let, therefore, the 
equation yp = 0 be equivalent to f(a, y, #, a,b,c, &c.) =0. Then 

dy df da af db df de 


nee fe & 


dt da dt db'dt de dt 
wi af Ue da de df db dw df de de 


Buia tds desde abn ds. dead fae desde ee 


and so for oo and uc, Hence, substituting in equation (2), we have 
y x 
= af df df df df 
=e : oe =e 
t(D) +3 5° (Ga) + T dow (FZ) +8 TFs sy ani sain 


Now Pets, the equation f(a, y, x, a, b, c, &c.) = 0, we obtain, since a, b, c, &c. are 
constant for a given surface of displacement, 


on, vi od df a seen wo, 
dat” Bee age So oat xy + 74s 
Hence, w= wf 7: = ve, w= Na and consequently, 
df (da df af df? af? 
eh Ee = cesecevee( lO 
da (a) + ab (a) +3 + de (Gi) + oo ww (Eo dy - hg 2) eee: 


We shall presently illustrate the use of this equation in ie N. 


It is plain that the equation f(z, y, x, a, b,c, &c.) =0, may be that of a surface having a 
contact of the second order with the surface of displacement at any point yz, the parameters 
in the equation of such a surface being a, b, c, &c. For instance, let the equation of the surface of 
contact be 

(@-a)? (y-B , @-+) 
m? n* Pp 


then we have for determining N the general equation, 


28 (AS ES (DS (SS GS 
; eae (y- BY i 


4 Ga = aoa 
m nm Pp 


-1=0, 


I proceed now to adduce some examples of finding N, and of applications of the equations 
(8), (9), and (10), to determine whether proposed instances of motion are possible, 


Ex. 1. Let the case of motion be that considered in Art. 3. This instance gives u = ma, 


d dv 
v= —my, and satisfies the equation — + ee =0. Also udw+vdy=m(ade—-ydy), and 
d : : 
Be i -*. Hence the general equation of the surfaces of displacement may be assumed to 
u 
be a — y° — a = 0, and the general equation of the lines of motion, wy = c’. 
df ) da df df 
Let =27- 2 ie Th =-—@2 x) 3 — = 24 — = -2 
BM Moet Se SL Sada (F a(S ier a dy y 
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ala 


da 2 2) _ = 
Hence - a(S) +2N + y’) =0, and J = Saag 


dt 


But by the equation 2 - ¥’ — a? =0, (since #, y, and @ vary simultaneously with the position 


du di da dx dy 
of the element,) we have « (=) -y (4) -—a (=) =0, and (S) =Uu= Ma, (5%) =v=-my, 


da m uw v 
Hence a (=) = m(# +’), and consequently N=—. This value makes —dvw+—dy an 
dé ae ee 2 No. ee 
exact differential, and the equation (3) is therefore verified. We have now to see in what 
: : é ; : c dV ds 
manner equation (8) is verified. This equation for the instance before us becomes aes 
r 


x being the radius of curvature of the curve of displacement at the point wy, and ds the increment 
2 2) 3 2 2)3 
xv + w+y)ida 
Cael > andds = fotew eds . There- 
a 


2 


of the line of motion at the same point. Hence r = — 
a — 


dV : : : qe se Sc 
fore —- - ——~..—— = 0. This equation cannot be integrated unless y is eliminated by means 


of the equation wy = ec’; that is, it can be integrated only along a line of motion. The dynamical 
equation must therefore be integrated in the same manner, and the arbitrary quantity to be 
added is a function of co-ordinates as well as the time. The fluid must be conceived to be 
included between two hyperbolic surfaces indefinitely near each other. This explains the contra- 
diction met with in Art. 3, 


Ex. 2. Let the equation of the surfaces of displacement be 6 — tan~’ 2 =0. Putting therefore 


f for 6 - tan-12 , we have 


aa Gaz) ~ (ae)? de "2s 


df w 
da Bag? dy ae 
a ¢ y 7] a+y 


dé ery dé 
H — pe ES (0) ea (ee 2 2 
ence (=) +N Ga” and NV (=) (a +9’). 


Now since y = # tan 0, the motion is evidently parallel to the plane of wy in concentric circles about 


d@\ 
a fixed axis. Hence at any distance r from the axis V = r (=) . Consequently N = — Ye +y°) 
" 


= —Vyr. Therefore if aie), we have WN a function of ¢, and wdw + vdy an exact differential, 
r 


although the motion is curvilinear. This is the case of motion alluded to at the end of Art. 7. 


Ex. 3. Let it be required to determine whether in an incompressible fluid the surfaces of 
displacement can be concentric spherical surfaces, the centre of which is always on the axis of 
wv, and at the same time the motion be such that a given particle in successive instants is at 
the same distance from the common centre. 


Here if a =the co-ordinate of the centre, and a =the radius of any surface of displacement, 
we have f=(#-a)?> +y°+2°-a@’, 


df (da da 

Hence aa (=) = -2(#-a) (S) = — 2V_(w —a) suppose. 
df da . (da 
ee (=) = 0, because by hypothesis (5) =0. 
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d d 
- = 2Y, of as, 


df 


= = 2\(a@-— a), 


j Pec. and N= 


df V,(@-a)’ df Vi(a- 
Ease gi sullen alae Chee fae 5: 
dx a dy a 


©—a)x a 
w= N— =—~_—_; and V = — 
x 


We have now to find V, by means of equation (8). Since the above value of N shews that 
uda +vdy+wdz is not for this instance an exact differential, V must be differentiated along 


a line of motion. Hence putting cos @ for ES , we have V = V_ cos 0, and dV =dV_cos@; so 


2 dV, 2d 
that Bs = oe . Also ds=da and ~ + : = - . Equation (8) therefore becomes v, + — = 0. 
Hence V SO, and V= = cos @. Thus the motion is completely determined. It is plain 
J a 


that this motion would be ae by a smooth solid sphere moving in an arbitrary manner in the 
fluid, with its centre always in a given straight line. 


Ex. 4. Poisson’s determination of the simultaneous motions of a sphere and the surrounding 
fluid (Memoirs of the Paris Academy, Tom. x1, and Connaissance des Tems, An. 1834) differs 
from the foregoing. Let us therefore inquire, assuming the motion to be such as Poisson has 
found, whether the conditions of continuity are satisfied. 


For the sake of simplicity I shall consider the fluid to be incompressible. Poisson assumes 
that wda + vdy + wdz =dq@, and finds values of the velocities which, if R* = (w—- a)’ + y° + 2°, 
may be thus expressed : 

Tce (1 3(~- =) 3 oe sTe 
ed > GC = 


rE aR @- 4)» w = ——« (a-a); 


2R 
T being an arbitrary function of the time, and ¢ the radius of the sphere. These values make 
a d* 
udxv+vdy+wds an exact differential, and satisfy the equation oy “a+ st =0. By 
y = 
integrating wdwx + vdy + wdzx =0, the equation of the surfaces of displacement will be found 
to ‘be R’— h® (w — a) = 0 for the positive values of w —a, and R* + h*® (x — a) =0 for the negative 
values. This change of equation implies a breach of continuity*. If we put R cos@ for 
v—a, we obtain R*—h?cos@=0 for the polar equation of the curve which by its revolution 
about the axis of x generates a surface of displacement. The lines of motion lie in planes 
passing through the axis of w The general polar equation of these lines will be found to be 
R-esin°?@=0. From the latter of these equations the value of ds is to be found, and from 


the other the values of x» and 7’, for the purpose of ascertaining whether the equation (38), 


a lpn : - : : : 
viz. +> + ds (: + ~)=0, is satisfied by these values so as to allow of its being integrated 
? 


‘ 
5 


between arbitrary limits, the dynamical equation having been already integrated in this manner. 


* According to this solution the fluid in contact with the | which the sphere moves forwards, a result, to say the least, 
sphere and in a plane passing through its centre perpendicular | very improbable. 
to the axis of w, moves backwards with half the velocity with 
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dR 
2cos 0 


*,. 1  6cos@(1 + cos’@) 1 3 cos 0 
i ee} (Neem e pe ee ee s= = 
(Ct Boome) r  R(1+3cos*6)t ” and r R(1 + 3cos*6)3 


dV d ty al dV 3dR_ 3+co0s’@ 
Hence, ide(=+5)= 7 +oR 1xs0080 7° 

This equation cannot be integrated independently of the equation R —esin?@=0; that is, it 
can be integrated only along a line of motion. Hence the conditions of continuity are not 
satisfied. 

Ex. 5. Let it be supposed that the motion is in straight lines drawn from the vertex of 
a cone, and let the fluid move in parallel slices so that the motion parallel to the axis of the 
cone is the same at all points of any section perpendicular to this axis: it is required to 
determine whether this motion is possible. 


It will be found that ds = 


The equation of the surfaces of displacement is a + y° + 2° — R’ =0, and the equation of 
the lines of motion R—asecO=0. Hence ds=dh =dasec 0, and R=r=7'. Equation (8) 


dV 2dz 
consequently becomes > t “=0. Now putting f for a+ y°+2°- R*, we have (a) 


@ dk\ dt 
d d d 
-- RV, £ a 22, = oy tf 22, Hence —-2RV+4N(a2?+y°+ 2’) =0, and N=. 
d V ‘ ; 
Therefore wu = N a = > = d(v) by hypothesis. Consequently v = yp) , w= pK) , and 


Role 
y - 29 _ 60) sec@. The above values of w, v, w, do not make wdw+vdy+wdz an 
exact differential. Hence the dynamical equation must be integrated along a line of motion, 


; é te Yi 
and the equation (8) with the same limitation. Consequently a = ¢'(a) sec@, and the above 
x 


pz) 2 ; : sid ngs f@ t 
$() ieee 0, which by integration gives p(«) = ar Hence var) sec 6, 


and the motion is completely determined. This solution agrees with the one I deduced from 
particular considerations in the Cambridge Philosophical Transactions (Vol. V. Part 11. p. 186). 


equation becomes 


The preceding example is instructive as shewing that the motion may be rectilinear when 
udw +vdy + wdz is not an exact differential. Another inference may also be drawn from it. 
Let the motion be steady, and let W be the velocity at a point of the axis distant by 4 from 


t Whe 
the vertex. Then wt, whence f(t) =h* W, and V = a sec@. If gravity (g’) be sup- 


Cie? 2 
posed to act parallel to a axis of w, the dynamical equation gives for the pressure (p), 
p=C-ga- ua sec® 0, 
and if p=0 where w=H, C=gH+ ee sec?@. If now H be assumed to be so large that 
the second term of the expression for C may be neglected, we shall have, C=gH, and 
2p4 
p=g(H-2#)- — sec? 0. 


It might hence be argued that wdaw + vdy+wdz is an exact differential for this case, since C 
is independent of sec @. But the objection to this inference is, that if it were true, the above 
value of p might be differentiated supposing sec@ variable, which would manifestly be in- 
correct, for the result would be at variance with the differential from which this value was 
derived. The fact is, the neglected quantity has no effect on the numerical computation of 
p, but as it contains sec@, we cannot regard C as independent of co-ordinates. 
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Ex. 6. Let it be required to determine whether in a compressible fluid the surfaces 
of displacement can be spherical surfaces, the centres of which are always on the axis of «, 
and at the same time the motion be such that the radius of the surface of displacement of 
a given particle remains the same in successive instants. 

da 


Let (w -— a)? + y° + 2? —R’?=0. Then by reasoning as in Ex. 3, V= (55) cos 8 = V_ cos @. 


By hypothesis (=) is the same for all points of the same surface of displacement. Hence V, 


is the velocity at any point of the axis of w. The equation (9) may be put under the form, 
dp vie bap. 20, 
——~ +--+ -.— +55 
pdt ds p ds R 

subject to the limitation of integrating along the line of motion s. The dynamical equation, 

subject to the same limitation, is 


dV 4s 
k* Nap. log p + ert areas 


Hence, carrying the approximation only to the first power of the velocity, we have 


kd dV kd 
= = —-—, and ial 
pds dt pdt 


-a°V 
= | ae t8 +f (t). Therefore 


and differentiating with respect to s, 
eV av e/a Vd 
Stile, SE tno, 22) 
dt’ ds* Rds RF ds 
The motion is symmetrical about the axis of x, which is plainly a line of motion. Hence the 
above equation is true when V, is put for V and w for s. It thus becomes, 


7 2 
isle hol asi (a -7S) z 
dt dx* Rdv« fF da 
5 é ‘ dR da : 3 
Now in this equation R = #—- a, and Pw 1- aa? for a is a function both of wand¢. The 
le xv 


d ‘ 
differential coefficient = will in all cases be very small, if the velocity of the particles be small 


7 d 
rcs =u (1 -=) = V_ nearly, 


compared to the velocity of propagation of the motion. Hence 


d i : 
regarding = a quantity of the same order as V.. Also as V, may be considered a function of 


@V, &V,dR @&Y, 


y V, a ser aL OE 
Z BN cis Wed = ——‘,—— = ——~ nearly. By substitution in 


Rand ¢, = Sanaa ak nearly. And 
the foregoing equation, we have 

PV, a is ( dV =) 

dim, dix 
This equation gives V_ by integration, whence V is known from the equation V = V,cos@. Thus 
the motion is completely determined consistently with equation (9), and this is the proof of 
the possibility of the assumed kind of motion, so far, at least, as regards small motions. The 
above solution is that which I have employed for finding the resistance of the air to the vibrations 
of a ball-pendulum. 


CaMBRIDGE OBSERVATORY, 
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V. Observations on the Nature of the Biliary Secretion ;—the object being to shew, 
that the Bile is essentially composed of an Electro-negative body in chemical combi- 
nation with one or more tmorganic bases. By GrorcE Kemp, M.B. St. Peter's 
College. 


[Read March 6, 1843.] 


Tue following observations on the nature of the Bile, form a portion of some researches 
into the elementary composition of that secretion, commenced in the laboratory at Giessen. 
Professor Liebig suggested the following mode of conducting the inquiry. 

A portion of ox-bile as received from the gall-bladder was to be evaporated to dryness, 
and then submitted to ultimate analysis, without any farther manipulation. 

This plan was abandoned for the following reasons. 

The gall-bladder of every animal yet examined contains, in addition to the bile, another 
body, always varying in quantity, and possessing physical properties differing so essentially 
from the biliary secretion, that I determined in the first place to separate and examine this 
body, to which the name of Mucus of the gall-bladder has been given. The analysis proved 
that this body contains 15:4 per cent of nitrogen, while the bile itself contains only 3:5 per 
cent of that element, so that the results obtained in the manner originally proposed would 
have been constantly varying, and always erroneous. The fats and fatty acids also, contained 
in the bile, would have led us still farther astray; eventually, therefore, I determined on re- 
moving the mucus and fatty acids before attempting the analysis of the fluid. Previously, 
however, to entering on the manipulation employed, it will be proper to give a sketch of the 
principal opinions which have been hitherto entertained on the nature of the bile. 

The first proximate analysis of this fluid, of any importance, seems to have been made by 
Thénard in the year 1806, with the results contained in the note*. According to his opinion 
the bile is principally composed of biliary resin and picromel; the biliary resin he supposed 
to be held in solution by the picromel. Berzelius in 1807 instituted an analysis of which the 
table + below gives a summary view. He considered the biliary resin and picromel as one body, 
altered by the manipulation of Thénard, who made use of nitric acid in his analysis. To 
this body, composed of biliary resin and picromel, Berzelius applies the name biliary matter. 
An analysis instituted by Dr. Prout about the same time confirms the analysis of Berzelius in 
every essential point. At a subsequent period Gmelin undertook the investigation of this 
secretion; his results induced him to imagine that the opinion of Thénard with reference to 
the existence of biliary resin and picromel, was correct, although the substance described as 
picromel by Gmelin differs very essentially from that body as described by Thénard. He, 


* Water Ari ststeeaseueseenencesessans ‘ ote WW AL eT casaresesencssceeancacnovaxcuercachesnancnatsancncicarveadaey 90°44 
Biliary resin .... oo Biliary matter with fat ... 8-00 
PicrOME! 57.22. ccnsuarrtesnascesei . Mucus of the gall-bladder 0:30 
Yellow colouring matter C Osmazome, Chloride of Sodium, and LactateofSoda 0°74 
SOda....ssereserereerecrsencnenseaenees ; CCT aah eae oP aera Se nary eer PeeC OS eo 0-41 
Phosphate of Soda seeee ote 25 Phosphate of Soda, Phosphate of Lime, and traces 
Chloride of Sodium ve = «40 of a substance insoluble in alcohol........-.++.- i u 
Sulphate of Soda.....useeeeeee 1-0 100-00 
Sulphate of Lime........2....... 15 

A trace of Oxide of Tron. 
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moreover, found other substances denominated cholic acid and taurin, which have since been 
proved to be products of manipulation. In the year 1826, Demarcay employed himself in the 
laboratory of Liebig in preparing, and submitting to analysis, a substance obtained from the 
bile when treated with diluted sulphuric acid, and to which he subsequently gave the name 
choleic acid. This body was in all probability the picromel of Thénard, and the matter 
which remained after removing the choleic acid, denominated choloidic acid by Demarcay, bears 
a striking resemblance to the biliary resin of Thénard; as, however, no elementary analysis 
was made by that chemist, the matter must remain in doubt. The choleic acid of Demarcay 
is an important body, as Professor Liebig has acceded to the opinion that it is the essential 
organic ingredient of the bile; a conclusion, however, which subsequent researches tend to 
overthrow; indeed, the opinion of Demargay was grounded on the following circumstance. 
After he had prepared his choleic acid, and combined it with soda, the compound possessed a 
considerable number of the physical characters of the Bile, and in estimating the quantity of 
soda which combined with a given quantity of his choleic acid, he found the quantity of the 
base almost precisely the same as that contained in the same quantity of the dried bile. One 
unfortunate oversight, however, occasioned this erroneous inference of the identity of the two 
bodies. The choleate was converted into the sulphate of soda, in order to estimate the 
quantity of the base. On applying the same method to the bile, the chloride of sodium 
contained in that fluid became converted into sulphate of soda, and thus the quantity of soda 
combined with the organic body was supposed to be considerably greater than it really was; 
for on looking over the analysis of Thénard it will be seen that the quantity of chloride of 
sodium stands in the proportion of 4:5 to the soda; a quantity much too large to be over- 
looked, as it would occasion an error in the second whole number of the atomic weight. Indeed, 
the circumstance of the similarity found in the dried bile and in the choleate of soda in this 
one experiment, was evidently purely accidental, as the chloride of sodium is always present in 
bile, and that in constantly varying proportions. In fact, the choleic acid of Demarcay seems 
to be a product of decomposition of the bile effected by means of sulphuric acid; and the 
errors in the late work of Professor Liebig on the subject have arisen from not taking into 
account the other product of manipulation, the body which Demarcay has denominated 
choloidie acid. The labours of Demargay were however exceedingly valuable, as they directed 
the attention from proximate to ultimate analysis, and were the means of inducing the illustrious 
Berzelius to make one more effort towards effecting the solution of this difficult problem*. 
A paper, which has recently appeared I believe in an English form, was in the year 1841 
laid before the Royal Academy of Stockholm, purporting to be an analysis of the bile of the 
ox, and the characteristic properties of its component parts. This elaborate research was 
conducted in the same manner as his former analysis, the object being to eliminate what he 
considered the proximate principles of the bile; and the results confirmed all his former in- 
vestigations on this subject. He concludes by stating the theory, that the bile in its healthy 
and perfectly fresh state is essentially composed of bilin, a body agreeing in every physical 
character with the biliary matter of his former analysis, and that this body is continually 
undergoing a change into two acids, fellic acid and cholic acid; that at the same time these 
two acids form binary compounds with bilin, to which compounds he has given the names 
Bilifellic Acid and Bilicholic Acid. To this theory we shall have occasion again to advert. 
These last researches of Berzelius seemed to discourage any farther attempt to elicit facts 
by means of proximate analysis; and at the request of Professor Liebig, I commenced a series 
of ultimate analyses, with the limitations alluded to above. It appeared desirable also to extend 


* Ueber die Analyse der Ochsengalle, und die characterisi- | den Kongl. Vet. Acad. Handl. 1841. S. 1—fi4, iibersetzt von 
renden Eigenshaften ihrer Bestandtheile; von J. Berzelius, (Aus | Dr. Wiggers. 
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the inquiry, which had hitherto been confined almost exclusively to the bile of the ox; I 
therefore proposed to examine the bile of that animal as the type of the graminivorous, the human 
bile as the type of the omnivorous, and the bile of some decidedly carnivorous animal, the lion 
or tiger for instance, as the type of that class of animals. It was further proposed to institute 
an inquiry into the differences which exist in the bile of different species of fish. Thus I hoped 
that some general character at least would be found to illustrate the nature of the secretion in its 
relation to the researches of physiology and pathology. The results of the first investigation 
which were made at Giessen have since been published in the Journal of Erdman and Marchand at 
Liepsig, and in the London Medical Gazette; it will, therefore, merely be necessary to give a 
general outline of the manner in which the investigation was pursued ; the subsequent portions 
of the research have, by the kind permission of Professor Cumming, been carried on in the 
laboratory of this University. At the onset of the inquiry it seemed most important to take a large 
average, and the bile obtained from twelve oxen killed at the same time at Frankfort was evaporated 
in a water-bath to dryness; the mass was reduced to powder and treated with alcohol sp. gr. °840, 
in order to remove the mucus; the clear fluid obtained by filtration was again evaporated 
to dryness, powdered, and treated with ether, in order to remove the fats and fatty acids in 
combination with soda, and this treatment continued until the ether on evaporation gave no residue. 
The substance was now dried at a temperature of 110° of the centigrade thermometer, reduced 
to a powder and submitted to analysis. The solution of this substance was perfectly neutral ; 
on burning it however in a platinum crucible, an alkaline ash was left, which consisted of 
carbonate of soda, and chloride of sodium. The carbonic acid which was found combined with 
soda was of course the result of the combination of the carbon of the organic portion of the 
bile during combustion with the oxygen of the atmospheric air. In the bile therefore soda itself 
was present in combination with organic matter, and as in the bile the alkaline property of the 
soda is suspended, we have positive proof that the soda in the ox-bile is combined with an 
electro-negative body; for in no other way can we account for the perfectly neutral character of 
the bile. Those who are acquainted with the description of the bile in physiological works, will 
remember that it has been described as an alkaline fluid; and Schulz has made the statement that 
one ounce requires half a dram of acetic acid for its saturation. His account is, however, much 
too vague to place any dependence upon, for what is usually called acetic acid is merely a 
solution of acetic acid, and the strength of the solution has not been recorded by this author. 
It is certain that a portion of a strong acid may be added to the bile without any acid reagency 
taking place before the quantity of soda combined with the electro-negative body (naturally 
contained in the secretion) has become saturated. And we must not be surprised that the electro- 
negative body set at liberty produces no change on litmus paper, as bodies of very high atomic 
weight seldom produce any visible reaction on test-paper. We may instance the new alkaloid 
Berberin, which has an atomic weight of more than 4000 (O = 100) ;—the combining weight 
of the body which we are about to examine is between 5000 and 6000. But to come to actual 
experiment on the subject. 

I have tested the fresh bile of more than forty oxen, the human bile, the bile from the tiger, 
* the fox, the cat, * several kinds of monkey, the dog, * the wolf, * an Indian bull“, and the secretion 
as found in the codfish; in all these cases, with two exceptions, the bile was perfectly neutral. 
One of these exceptions was the bile from a child which had been burnt to death, and which 
was not examined until three days after its removal from the body, in which state, it is needless 
to remark, that decomposition had already commenced, and even in this case the alkaline reaction 
was barely perceptible. The other was that of the bile obtained from an Indian bull, in which the 
secretion was not only decomposed, but absolutely putrid. To return however to the ox-bile. 


a The bile of the animals marked (*) was obtained through the kindness of Dr. Clark, Professor of Anatomy in this University. 
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Having now decided that the bile of the twelve oxen under examination contained an alkaline 
base, the physical properties of which had been suspended by combination with a body in an 
opposite electrical condition, the next point was to determine the quantity of soda contained ina 
given quantity, and thus estimate the combining weight of the organic body with which the 
base was combined. On this being ascertained, an analysis was made to determine the quantity 
of organic elements. For the sake of brevity the analyses will be given together, after the 
description of the manipulations. A further portion of bile obtained from twelve more oxen was 
now submitted to examination, and the results, both with respect to combining weight and proportion 
of organic elements, were as nearly identical with the former portion as our present modes 
of analysis, and the nature of the research, warrant us to expect. It may here be remarked, 
that animal bodies in general present great obstacles to minute analysis, from the difficulty with 
which they are burnt, and from the readiness with which they attract moisture. The body 
contained in the bile is so hygroscopic, that even in the act of mixing and introducing it into 
the tube a sufficient quantity of moisture is absorbed to render the estimation of hydrogen always 
too high. Having now determined analytically that the bile of the ox contained an organic electro- 
negative body in combination with soda, it seemed desirable to attempt a synthetical proof. Here 
serious objections presented themselves. The bile is more or less influenced by every chemical 
reagent yet tried, or, to use the words of Berzelius, “it has so great a tendency to undergo changes 
in its composition, that the action of different reagents upon it converts it into different compounds, 
which vary according to the processes employed to extract them; exactly as oils and fats are 
converted into sugar and fatty acids by the action of the oxides of lead and zine.” It appeared 
probable, however, on consideration, that by extreme dilution of reagents, and carefully avoiding 
a greater excess than necessary, we might succeed, if not in isolating the body for analysis, yet 
in separating it from the soda with which it was originally combined; uniting it again with a 
fresh portion of soda, and thus in forming the bile artificially. If the composition of the body 
thus formed should by subsequent research furnish us with results identical with those obtained 
from the bile in a natural state, I conceived that no candid person would reject the evidence either 
as unsatisfactory or unsound. A portion of the dried extract of the bile freed from mucus and 
fatty acids was dissolved in alcohol of as great a strength as could easily be obtained, and then 
treated drop by drop with diluted sulphuric acid. The sulphate of soda thus formed being 
insoluble in alcohol, could of course be separated by filtration, the organic elements previously 
combined with the soda remaining in solution. The sulphuric acid was added in the slightest 
possible excess, in order to ensure the complete separation of the soda, and the clear solution obtained 
by filtration was now treated with an excess of carbonate of soda deprived of its water of crystal- 
lization. The excess of sulphuric acid was precipitated in the form of sulphate of soda, while 
a portion of the carbonate readily combined with the electro-negative body remaining in solution. 
The solution obtained by filtration was now evaporated to dryness, and submitted to analysis. 
As no change in the physical characters of the body had been made by this process, I was not 
surprised to find that the combining weight and ratio of organic elements were found by analysis 
to be identical with the bile in its natural state. But the question may be asked, Why not (having 
separated the soda by means of sulphuric acid) have evaporated the solution, and then analyzed 
the body thus isolated ? My reason for not doing so was, that it was necessary to add sulphuric 


‘acid in slight excess, and this in proportion as the solution became concentrated by evaporation 


would have rendered the result unsatisfactory, as we know that sulphuric acid of moderate 
strength decomposes the bile, and converts it into the choleic and choloidic acids of Demarcay. 
Thus it would have been as much a matter of probable evidence whether the isolated body 
was the matter contained in the bile, as whether the body separated as above and recombined with 
a base, was the electro-negative substance, the composition of which we wished to determine. 
It now only remains to give a summary of the general results obtained from the analysis of the 
ox-bile, before passing on to the consideration of the bile of other animals. 
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1. A portion of the substance was burnt in a platinum crucible, and an ash remained con- 
sisting of 
Carbonate of Soda = 11:16 per cent. 
Chloride of Sodium = 0°54 per cent. 
2. Another portion treated in the same manner gave 


Carbonate of Soda =11'13 per cent. 
Chloride of Sodium = 0°37 per cent. 


The organic portion gave on combustion with chromate of lead :— 


Warbon’ )=|64GOl eee e-ssccteacesee= 64°85 
Ey drogen! — 49°62) oon: y.s.ecsroee=sie 9°40 
Nitrogen = 3°40 ............cecceeee8 3°40 
Oxypenl = "2238 Ree. acess: oeees 22:35 

100°00 10000 


The human bile, from the smallness of its quantity, presents us with still greater difficulties than 
the ox-bile, the portion obtained from an adult under the most favourable circumstances being 
barely sufficient for the necessary number of analyses. The first portion of human bile which 
I examined was removed about eight hours after death from a man who died suddenly under an 
attack of delirium tremens. Having separated the mucus and fat as above described, it was 
submitted to analysis with the following results. On burning a portion in a platinum crucible 
it was found to contain 6:6 per cent of soda and 1°87 per cent of chloride of sodium, ‘Che organic 
elements were in the following proportions : 


Carbon = 68°80 
Hydrogen = 10°40 
Nitrogen = 3:44 
Oxygen =17'36 

100°00 


The general conclusion from the above analysis is, that human bile, as well as the ox-bile, 
is an electro-negative body in combination with soda. Two other cases of bile obtained from 
children who died in consequence of severe burns confirmed this conclusion. The next examination 
was into the nature of the bile of fishes. I have not yet been able to obtain a sufficient quantity 
of this secretion for anything more than a cursory examination, the results however, so far as 
they went, were exceedingly satisfactory. The bile of four large codfish gave 2°61 per cent of 
chloride of sodium, 1:8 per cent of lime, 4°3 per cent of soda with a trace of magnesia. I had 
merely substance enough to estimate the quantity of carbon and hydrogen, which were 68-60 
and 10°8 per cent respectively. From this analysis we see that this species of bile is also an 
electro-negative body, but combined with three bases, lime, soda, and magnesia. I have recently 
obtained the bile from a tiger, which was treated in the usual manner to remove the mucus and 
fat. A portion burnt in a platinum crucible-gave an alkaline ash, the nature of which I have 
yet to determine. The solution of the bile itself was perfectly neutral; we therefore conclude 
that its nature is similar to all the others which we have examined, and that in the carnivorous, 
as well as the graminivorous and omnivorous animals, the bile is essentially composed of an electro- 
negative body in combination with one or more inorganic bases. That the body is not the choleic 
acid of Demarcay, is evident from the difference of the elementary composition which exists 
between them. The bile of the ox contains nearly 65 per cent of carbon, human bile upwards 
of 68 per cent, while the acid of Demarcay contains between 63 and 64; and the difference in 
the quantity of hydrogen is so great that we cannot construct any formula under which bodies 
differing so widely from each other can be included. The choleic acid also when combined 
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with soda is precipitated by acetic acid; the body contained in the bile is not precipitated 
by that reagent. We know also that ox-bile, treated in the manner directed by Demarcay for 
the preparation of choleic acid, is resolved into two bodies, the choleic acid and the chloidic, 
the latter forming a very large proportion of the results, probably as much as one half; and it is 
remarkable, that adding the quantity of elements found in the two, and taking the mean, we have 
almost exactly the quantity as given by the analysis of human bile. The highest authority 
on all subjects connected with chemical research is undoubtedly Berzelius, and he has lately 
given it as his opinion that the bile is essentially composed of bilin, bilifellic acid, and bilicholic 
acid. Considering, however, that these bodies were eliminated by means of reagents which he 
himself has acknowledged as more likely to yield products than educts, we are perhaps justified 
in supposing that these bodies were the results of manipulation; it is at any rate highly improbable 
that in the very large number of elementary analyses made, we should in each case have accidentally 
procured bile in which precisely the same point of transformation of bilin into the other products 
should have been arrived at. One experiment was however made which proved that the body 
described by Berzelius as bilin does not always exist at all in the bile. I obtained the biliary 
secretion from an ox immediately as slaughtered, and while it was quite warm: the mucus and 
fatty acids were removed with as great dispatch as practicable, the dried bile was then dissolved 
in alcohol freed from water as thoroughly as possible, and through the solution a stream of 
carbonic acid gas was transmitted for the space of three hours, without the slightest precipitate 
or even opacity occurring. Now one of the principal characters of bilin, according to Berzelius, 
is, that if combined with a base its tendency to combine is so slight that the combination is 
destroyed by carbonic acid. In the above experiment, therefore, if bilin had been present, the 
carbonic acid would have combined with the soda, forming the carbonate of soda, which is insoluble 
in alcohol, while the bilin would have remained in solution. 

Such are the principal facts which I beg to lay before you. It remains yet to be determined 
whether the electro-negative body in the bile is the same in all animals. A certain analogy seems 
to exist between the bile of the ox and that of man; but it would be premature to place on record 
any reasonings which, however probable at the present stage of the investigation, more accumulated 
evidence may not confirm. The subject is in progress, and bids fair to give decided and satisfactory 
results. 


G. KEMP. 


Sr. Perer’s CoLiece. 
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VI. On the Motion of Glaciers. By Wrti1am Hopxrns, M.A. and F.R.S., 
Fellow of the Cambridge Philosophical Society, of the Geological Society, and 
of the Royal Astronomical Society. 


[Read May 1, 1843.] 


SECTION’ f. 
On the Present State of Theories of Glacial Motion. 


Dr Saussure appears to have been the first to examine with accuracy, and to describe in detail, 
the various phenomena which the Alpine glaciers present to us. The phenomena connected with the 
motion of glaciers, constituting the class with which alone we are concerned in the present communi- 
cation, engaged their share of his attention, though his observations did not aim at that degree of 
exactness with which observers of the present day are conducting their researches. Nor did he 
fail to speculate on the causes of glacial movements. He considered glaciers to slide along the sur- 
faces over which they move, the motion being due to the inclination of those surfaces to the horizon, 
and the action of gravity on the moving mass; and though he was not the first who adopted this 
theory of glacial movement, it is now usually associated with his name, from his having been the 
first to acquire any exact knowledge of such movements, or to form, perhaps, any very definite 
conception of the mechanical causes to which they might be referrible. From his time to a recent 
period the subject seems to have excited little comparative interest; but within the last few years 
glacial phenomena have been investigated with great care, and attention has been again directed 
to them, not only as forming an interesting branch of physical enquiry, but also as pregnant with 
geological inferences of the first importance. We are especially indebted to M. Agassiz for his 
active researches among the Alpine glaciers. The influence of his name has awakened an interest 
in them which might otherwise have long slumbered; and whether some of the opinions he has 
promulgated respecting the motion of glaciers be ultimately established or refuted, geology must 
continue equally indebted to him for the manner in which he has directed our attention to the im- 
portance of the subject in its geological bearings. 

One of the consequences of these renewed researches has been to cast great doubt on the ade- 
quacy of De Saussure’s theory to account for the motion of glaciers. The inclination of the surface 
over which some of the Alpine glaciers move is found to be so small as to render it apparently 
inconceivable that such glaciers should not only descend, but overcome powerful obstacles to their 
descent, if there be no other moving force than that of gravity. The mean inclination of the 
surface of the Aar glacier is stated not to exceed 3° (and that of its bed must be still less), an ineli- 
nation much smaller than that at which a very smooth hard body will descend down an equally 
smooth and hard plane*. Nor is the difficulty diminished by the consideration of the great 


* The following results are given by Professor Whewell in his | be the angle of the plane down which sliding will just take place, 
Mechanics of Engineering, on the authority of Morin. If @ | and pu the coefficient of friction, we have for 
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Hard Limestone on Hard Limestone............ 20° 50 


Brass on Brass... lle 20" 
Brass on Iron ............---.-.. 5 
Cast Iron on Cast Iron ................- 8 30" 
Cast Iron on Cast Iron, greased..... 5o 435° 
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weight of the moving mass, or of the extent of its surface in contact with that over which it moves; 
for, according to the observed laws of sliding bodies, the motion is independent of both these 
circumstances. This difficulty has been hitherto regarded, and with reason, as a most serious 
if not an insuperable one to the sliding theory. Another has also been frequently urged, for which, 
however, there is no real foundation. It has been contended that if a glacier moved by sliding 
over its bed from the mere action of gravity, it ought to move with an accelerated motion, whereas 
the motion is observed to be wnaccelerated. If the force retarding the motion were solely that 
of ordinary friction of the surface over which it moves, the objection would be valid, because the 
retarding force of friction is independent of the velocity acquired; but in the case of a glacier 
moving down an irregular valley and over an irregular surface, all the retarding forces do not act 
on the mass in the same manner as friction in the ordinary cases of sliding bodies. Besides the 
friction, there will be retarding forees acting at an indefinite number of projecting points along 
the sides or bottom of the glacial valley. Such forces will depend on the velocity of the glacier, 
and therefore the whole accelerating force on the mass will be some function of the velocity, and 
the motion will not necessarily be an accelerated motion*. The difficulty now spoken of, there- 
fore, seems to have arisen from an imperfect conception of the problem; but the one first mentioned 
is sufficient to shew that the solution afforded by De Saussure’s theory is far from being satis- 
factory. 

The rejection of the sliding theory has led to the adoption, by different persons, of two other 
theories, which have been denominated respectively the dilatation and expansion theories. They 
both rest on the same principle—the expansion of water in the act of freezing. The former has had 
recently for its principal advocate M. Agassiz. It is found that a portion of the water arising 
from the dissolution of the superficial ice of the glacier by the direct rays of the sun and the 
warmth of the summer atmosphere, infiltrates into the minute pores and cavities of the ice, where, 
it is contended, it is frozen by the cold of the glacier, and, in freezing, expands and produces a 
dilatation and consequent onward motion of the whole mass. According to the expansion theory, 
the motion is due to the freezing and consequent expansion of water collected, not in minute 
pores and crevices, but in cavities or fissures of considerable dimensions. A repetition of these 

rocesses is supposed to keep up the continuous motion of the glacier. 

These theories appear to me to involve insuperable difficulties, both physical and mechanical. 
Supposing the capillary cavities in the one case, and the large ones in the other, to become 
full of water, and that water to be frozen, the cavities will be completely filled with solid ice. 
How is another set of cavities to be formed for a repetition of the process? Such an effect cannot 
be ascribed to an internal dissolution of the ice as a consequence of external temperature, for 
though the internal temperature of the glacier might be depressed far below the freezing point 
in. winter, it cannot possibly be raised above that point, or even up to it, except at the extreme 
surface, during the summer. That water does percolate through the pores of glacial ice with 
extraordinary freedom, M. Agassiz has proved by making the percolation evident to the eye, but he 
has not proved that it freezes there. The temperature of the upper portion of a glacier, where 
the percolation has been observed, is, in fact, very little below that of freezing, and does not ap- 
pear to be sufficiently low to convert water into ice while moving with the freedom with which 
it descends through the glacier. Wherever congelation does take place the capillary pores must 
necessarily, I conceive, be filled up, and where it does not, the percolating water must proceed till 
it meets with the larger fissures, through which it will descend freely to the bottom of the 
glacier. The existence of the larger internal cavities of the expansion theory is purely hypothetical; 


* The descent of water along a river-course, or of ice floating down its current, is not necessarily with an accelerated motion, and 
for a reason exactly similar to that assigned in the text. 
nd G2 
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and a repetition of the process to which the motion is referred is perhaps still more inexpli- 
cable than in the dilatation theory. 

If, however, we chose to allow the alternations of congelation and dissolution required by 
these theories, it might still be shewn (as I have done elsewhere*) that the effectiveness of the 
causes of glacial motion assigned by them must probably be very much less than that of gravity 
whenever the inclination of the bed of the glacier is not much less than that of any known 
glacier. 1 think it unnecessary, however, to repeat such investigations in this communication, 
or to insist on other difficulties involved in these theories, because there is an obvious and con- 
clusive test to which they will doubtless be soon subjected. It is manifest, that, according to 
either theory, the velocity with which any proposed point of a glacier will move must be approxi- 
mately proportional to its distance from the upper and fixed extremity. If, therefore, it should 
be found, on the contrary, that the motion near the two extremities of a glacier is nearly the same, 
the refutation of both these theories will be complete. M. Agassiz has been engaged in the most 
careful determination of all the circumstances connected with the motion of the glacier of the Aar, 
and Professor Forbes has in like manner been occupied with the Mer de Glace of Mont Blanc. 
The results in the latter case are already partially known through Professor Forbes’s letters to 
Professor Jameson}, and appear to be totally inconsistent with both the theories of which we 
are now speaking. The full details of the surveys of these two glaciers will form most important 
additions to our knowledge of glacial phenomena. In the mean time sufficient has been said to 
indicate the great, and, as I believe, insuperable difficulties both of the expansion and dilatation 
theories. 

A conviction of the inadequacy of any of the three theories above mentioned to account for 
the motion of glaciers, has led Professor Forbes to suggest another theory. In common with that 
of De Saussure, it attributes the motion of a glacier to the action of gravity ; but whereas, according 
to the sliding theory, gravity is enabled to act effectively in communicating motion to the glacial 
mass in consequence of the facility with which the lower surface of the glacier moves over the 
bed on which it rests, the theory now alluded to attributes the efficiency of gravity to the facility 
with which contiguous particles of the ice itself may move with reference to each other. Such 
at least is my conception of the theory, and it is only in this sense that I can understand it as a 
mechanical theory: for if it be merely meant to assert that certain phenomena of glacial motion 
are similar to those which would present themselves if the glacial mass were really a viscous fluid, 
the assertion is only equivalent to a particular geometrical representation of the phenomena in ques- 
tion. In this sense the theory asserts nothing respecting mechanical causes, and therefore cannot 
be classed with the theories already mentioned. 

Regarding this view of glacial motion, however, (in the absence of its more complete development) 
according to my conception of it as a mechanical theory, it may be asked, what reason have we 
to suppose that the adhesion of contiguous particles of glacial ice is much less than that of a 
particle of ice in the lower surface of the mass to the contiguous particle of the bed of the glacier ? 
The general mass of glacial ice is extremely hard and compact, and has unquestionably a great 
cohesive power, so that when we consider the probable effects of terrestrial heat and subglacial 
currents in destroying the adhesion between the glacier and its bed, it would appear the more 
probable that this adhesion should be much less instead of being much greater than that between 
contiguous portions of the ice itself. I do not insist on the absolute conclusiveness of this reasoning, 
but on its sufficiency to shew the necessity of proving, by independent experimental evidence, that 
glacial ice does possess this property of semi-fluidity or viscosity, if we would attribute to that 
property the effectiveness of gravity in setting a glacier in motion. 


* The investigations alluded to were printed and privately | of glacial motion assigned respectively by the three theories men- 
circulated among most persons interested in glacial researches. | tioned in the text. 


The object was to compare the degrees of efficiency of the causes + Edinburgh Quarterly Journal of Science. 
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It may perhaps be answered, that the best way of making such experiments is by observing 
the glaciers themselves, or in other words, that it is better to make our theory depend on obser- 
vation than on direct experiment; and, undoubtedly, it is thus that we do arrive at the highest 
order of evidence which the greatest problems of physical science admit of. We set out with 
some determinate hypothesis, of which we calculate the consequences. These calculated results are 
then compared with the results of observation, and the degree of accordance between them will 
constitute the evidence in favour of our original hypothesis. The conclusiveness, however, of this 
inductive process of reasoning must depend on the rigorousness with which we can calculate 
our results, and the accuracy with which the phenomena to be accounted for can be observed. If 
our methods possess, in both these particulars, the requisite degree of exactness, we shall be certain 
of demonstrating the truth or detecting the fallacy of our original hypotheses, and of thus elimi- 
nating, as it were, all but the true one. In the case before us, however, the required exactness 
is not attainable, for it will appear, in the course of this paper that the particular phenomena to 
which Professor Forbes would seem to appeal in evidence of the truth of his theory, are equally 
consistent with that which I shall offer. Consequently, the necessity of direct experimental proof 
of the viscosity of glacial ice assumed in this theory cannot be superseded, in the present state of 
our knowledge of the motion of viscous fluids and of glacial TONS, by an appeal to phenomena 
which those movements themselves present to us. 

This review of the existing state of glacial theories is sufficient to shew how imperfect a 
solution of the problem of glacial motion has yet been offered. All the above theories repose 
more or less on hypotheses unsupported by the direct evidence of experiment or observation. The 
theory of De Saussure is apparently in opposition to the ascertained facts respecting the motion 
of sliding bodies; in the theories of dilatation and expansion, the alternations of thawing and freez- 
ing is an unsupported assumption, and the mechanical adequacy of the causes assigned by these 
theories (supposing them to be real causes) a pure hypothesis; and in the last-mentioned of the 
above theories, the viscosity of the glacial mass necessary to give effectiveness to the moving force 
of gravity, seems to be opposed to the evidence of our senses. It would be difficult perhaps to 
conceive the solution of any mechanical problem in a much more unsatisfactory state than the 
one before us; for, of the different solutions which have been proposed, each involves some difficulty, 
which, if not removed, must ensure its ultimate rejection. 

In considering these difficulties it occurred to me, that the motion down an inclined plane 
of a mass of ice having its lower surface in a state of disintegration, might take place according 
to laws different from those observed in the sliding motion of rigid “ai and, without forming 
any very definite conception of the manner in which the motion might be modified under this new 
condition, I determined to try the experiment. The results were such as to remove entirely, 
I conceive, what appeared to be an insuperable objection to the sliding theory, by shewing that 
ice, under the condition above stated, is capable of descending with a slow unaccelerated motion, 
by the action of gravity alone, down planes of much smaller inclination than those over which 
known glaciers are observed to move. In the next section I shall describe the experiments which 
leave no doubt, in my estimation, as to the real cause of glacial motion. 


SECTION II. 
On the Cause of Glacial Motion. 


1. Experiments.—A slab of sandstone was so arranged that the inclination of its surface 
to the horizon could be slowly and continuously varied by the elevation of one edge. The sur- 
face was in the state in which it had been sent from the quarry, and in which such stones 
are sometimes laid down as paving stones, retaining the marks of the pick with which the 
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quarry-man has shaped them, without any subsequent process for rendering the surface smooth. 
The slab thus presented a grooved surface (the grooves running in very nearly parallel directions), 
having some resemblance to those over which existing glaciers move, but having little of the 
smoothness of roches poliés. The best measure, however, of the degree of its roughness is this 
—when placed at an inclination of about 20°, a piece of polished marble would just rest upon it. 

The slab was so placed that the direction of the grooves coincided with that of greatest 
inclination. A frame of about 9 inches square and 6 inches in depth, without top or bottom, 
was then placed on the slab and filled with lumps of ice from a neighbouring ice-house, in 
such a manner that the ice, and not the frame (which merely served to keep the ice together 
as one mass) was in contact with the slab. In the experiments in which the following results 
were obtained, weights were placed on the ice such that the pressure on the slab was at the 
rate of about 150lbs on the square foot. 


Mean Space 
in inches 
for 1 hour. 


Inclination 
of the 
Slab. 


Spaces in decimals of an inch though which the loaded ice 
descended in successive intervals of 10 minutes. 


3° 307 ,03 ,04 ,05 ,07 ,06 ,04 


07 08 


314 419 420 


The mass descended with an accelerated motion. 


When the inclination was 9° about two-thirds of the weight was removed; the velocity was 
diminished by nearly one half. 

When the inclination of the slab did not exceed one degree, there was a small but very 
appreciable motion. 

On the surface a slab of the same kind of stone smooth but not polished, there was appreciable 
motion at an angle of 40 minutes. Nor am I prepared to say that either in this, or the preceding 
case, the angle was the least at which sensible motion would take place. 

When the surface used was that of polished marble, there was sensible motion with the 
smallest possible inclination. The motion, in fact, afforded almost as sensitive a test of deviation 
from horizontality as the spirit level itself. 

In all these experiments the ice melted continually but very slowly at its lower surface in 
immediate contact with the slab. During the night the temperature descended below that of 
freezing, and the motion entirely ceased. 

The angle at which the accelerated motion just begins to take place is that at which the ice 
would just rest upon the inclined plane, if the temperature of the slab and of the air were at or 
below the freezing temperature, so that no disintegration of the ice should take place. This angle 
appears to be nearly the same in the case of ice, on the grooved slab I made use of, as for that 
in which polished marble was the sliding body, and is that whose tangent determines the coefficient 
of friction between the slab in question and solid ice. When the slab was of polished marble 
this angle was very small. 
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2. In the experiment above detailed we have these results :— 

(1). For all angles less than that just mentioned the motion was not an accelerated motion. 
This result was verified in every experiment I made. 

(2). For inclinations not exceeding 9 or 10 degrees, the velocity, c@teris paribus, was - 
approximately proportional to the inclination. This, I doubt not, would hold in all cases in 
which the inclinations should be sufficiently small compared with the angle of accelerated motion. 
It is manifestly equivalent to the assertion, that the velocity is proportional to the moving 
force. 

(3). The velocity of the mass was increased by an increase of weight. 

3. It is not very difficult to give a general explanation of the mechanism of this motion. Con- 
ceive a very thin slice of the sliding body in contact with the inclined plane on which the motion 
takes place to become instantaneously fluid: an indefinitely small motion would necessarily take place, 
by which the lower surface of the portion of the mass retaining its solidity would be brought in con- 
tact with the plane. If the plane were horizontal, it is manifest that this indefinitely small motion 
would be vertical; but it appears sufficiently evident, that if the plane be inclined the motion will 
be compounded of a vertical motion by the action of gravity, with a motion parallel to the plane 
arising from what may be termed a momentary floating of the solid body on the small portion 
which has been supposed to become fluid or disintegrated, and depending partly on the inclina- 
tion of the plane. ‘The instant the solid portion of the body comes in contact with the plane, 
the motion will be arrested. At that instant, suppose another thin slice of the body to become fluid ; 
the same motion will be repeated, and so on. A discontinuous motion would be thus produced ; 
but if the successive slices which become disintegrated be indefinitely thin, i. e. if the liquefaction 
or disintegration be continuous, the resulting motion will be continuous, and it will, moreover, 
be uniform if the disintegration be so. 

The fact that motion takes place down planes of such small inclination compared with that 
necessary to make the ice slide independently of its disintegration at the lower surface, may simply 
be stated as due to this cireumstance—that, whereas the particles of ice in contact with the plane 
are capable, so long as they remain a part of the solid mass, of exerting a considerable force to 
prevent sliding, they are incapable of exerting any sensible force when they become detached 
from the mass by the liquefaction or disintegration of its lower surface. 

When the sliding mass is small (as in the experiments above described) the exact uniformity 
of the motion will be destroyed by local irregularities in different parts of the inclined plane down 
which it takes place, or temporary irregularities in the disintegration; but where the whole in- 
clined surface on which the motion takes place is always the same (as in the case of a glacier), 
and the mass is sufficiently large, all local or temporary irregularities will, in a great measure, 
counteract each other, and will therefore not materially disturb the uniformity of the motion, 
which will be preserved so long as the intensity of the causes of disintegration remains unaltered. 

4. Temperature of the Lower Surface of a Glacier—The essential condition under which 
gravity becomes effective in putting the loaded ice in motion in the experiments above described, 
is that the lower surface of the ice shall be in a state of disintegration, or that its temperature 
shall be that of zero of the centigrade thermometer. In order, therefore, that our results may 
be applicable to any proposed glacier, we must shew that the temperature of its lower surface 
must be zero. For this purpose, let us conceive the earth to be covered with a superficial crust 
of ice, and, for the greater simplicity of explanation, let us suppose the conducting power for heat 
within the icy shell, and in passing into it from the earthy nucleus, to be the same as in the 
interior of the nucleus. The temperature of the ice, to a certain depth beneath the external 
surface, would be subject to sensible annual variations of temperature, which would become 
insensible at a certain depth (x,), where the temperature (%,) would be constant. The mathe- 
matical determination of w, and w, will be given in the concluding section. The temperature wx, 
would necessarily be less than zero (centigrade) and at greater depths than 2, the increase of 
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temperature would be proportional to the increase of depth, the rate of increase (with our present 
supposition respecting the conductive power of the ice) being exactly the same as in the actual 
case of the earth, provided the ice should always remain solid, i. e. if the temperature, thus increasing 
with the depth, should not rise to zero at the lower surface of the icy crust. Now, though more 
accurate observations on the internal temperature of glaciers are wanting, it is probable from those 
of M. Agassiz, that the internal temperature of glaciers in those regions in which their motions 
have been observed, and at depths below the influence of external variations, is not less than 
—1°(cent.). The least depth in the actual case of the earth at which the temperature is sensibly 
constant may be stated generally at about 60 feet, below which the rate of increase of temperature 
in descending may be taken at about 1° (cent.) for every 100 feet. Hence, supposing the same 
to hold for ice, the internal temperature of our icy shell, where exposed to the same external tem- 
perature as an actual glacier, would be below zero at every point, provided its depth were less 
than 160 feet. If the thickness of the shell were greater than that quantity, the temperature of 
its lower part would be higher than zero if ice were capable of receiving such higher tempera- 
ture; but since that is impossible, the heat which would be employed in raising the temperature 
of the lower portion of the she)] above zero if it could retain its solidity, would be actually 
employed in converting into water its lower surface, which would thus be retained at the constant 
temperature of zero, and in a state of perpetual disintegration. 

If instead of supposing the icy shell to cover the whole surface of the earth, we suppose 
it to be of comparatively small extent, the same conclusions will hold, provided its linear super- 
ficial dimensions be sufficiently great with reference to the depth, which in the above case has 
been estimated at 160 feet. Such is the case in all considerable glaciers. Hence, assuming 
the truth of our data, if a glacier in those regions in which it is accessible to observation, 
exceed 150 or 160 feet in thickness, its lower surface must be in a constant state of disintegration, 
as a consequence of the internal heat of the earth. This result is liable to error, depending on 
our imperfect knowledge of the internal temperature of glaciers, and the conductivity of glacial 
ice; but in those paris at least, where the thickness of a glacier is considerably greater than 150 
feet*, it leaves no reasonable doubt, I conceive, of the truth of our conclusion respecting the 
state of slow perpetual disintegration of the lower surface. 

5. Agency of Subglacial Currents.—The internal heat of the earth, bowever, is not the only 
cause producing this constant disintegration. Another and probably very effective agency exists 
in the subglacial currents, which, during the summer, are principally produced by the rapid 
melting of the ice at the upper surface of the glacier, whence they descend through open 
fissures, and afterwards force their way between the glacier and the bed on which it rests. I 
cannot appeal to any direct experiments to determine the effect of water at the temperature of 
zero in dissolving ice at the same temperature, when running in contact with its surface, but 
its efficiency in this respect is sufficiently proved by its action on the upper surface of a glacier 
when the direct rays of the sun and the temperature of the atmosphere are sufficient to dissolve 
the superficial ice, and thus to create innumerable rivulets running upon the surface till they 
meet with a fissure into which the water is precipitated, and finds it way to the bed of the 
glacier. These little superficial streams shew their effect in disintegrating the ice by the manner 
in which they cut out for themselves their own channels, thus assisting greatly in the degra- 
dation of the surface. Its effect on the lower surface of the glacier is probably greater than 
on the upper, on account of the hydrostatic pressure under which it must there act. The 
descending water must reach the bed of the glacier at almost every point of it, and cannot 


* That such is the case throughout extensive portions of large | from his cabane on the glacier of the Aar, of which the depth 
glaciers, there seems to be no doubt. M. Agassiz informed me | could not be much less than 780 feet. 
that he had discovered a nearly vertical hole in the ice, not far 
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afterwards collect and proceed in uninterrupted channels, because if such channels were once 
formed they must necessarily be immediately destroyed, or at least impeded at numerous points 
by the motion of the glacier. The existence of such impediments to the motion of the water, 
and the consequent formation of subglacial reservoirs, is proved by the continued flow of the 
streams which issue from the lower extremities of glaciers during the night, though the supply 
from the upper surface is entirely stopped immediately after sunset, when the melting ceases, 
and does not recommence till a considerable time after sunrise the next morning. During the 
intervening ten or twelve hours the whole of the water beneath the glacier at sunset would 
necessarily discharge itself if its course were unimpeded, even from the longest and least inclined 
of the Alpine glaciers, before sunrise the next morning; whereas the volume of water issuing 
from the glacier of the Aar is very little less in the morning than in the evening. This 
equable supply can only arise from the discharge during the night from reservoirs formed 
during the day. Hence it will follow that these subglacial currents, commencing from almost 
every point of the glacier, will be forced under every part of it by hydrostatic pressure, by 
which, as above asserted, its disintegrating action on the lower surface of the ice will doubtless 


be increased. 


SECTION III. 
Phenomena depending upon the Motion of Glaciers. 


6. Relative Velocities of the Central and Lateral Portions of a Glacier.—The central 
part of a glacier moves considerably faster than its sides, but, according to Professor Forbes*, the 
change of velocity takes place not far from the lateral boundaries, the whole central portion 
moving with nearly the same velocity. In the month of August last summer, the central part 
of the Aar glacier, near the cabane of M. Agassiz, was moving at about the rate of a foot a day, 
while near the sides it was less by one third or one half. On the Mer de Glace the motion 
appears to be generally greater, in the ratio of about 3: 2, but varying in different parts of the 
glacier+. The difference between the central and lateral motions seems to be less than in the 
former case. 

On the Mer de Glace the velocity near the lower extremity appears to be somewhat greater 
than near the upper one. On other glaciers no adequate observations on this point have yet been 
made. 

7. Crevasses or Fissures—The fissures which traverse a glacier are among its most distinct 
and striking phenomena. When the glacial valley contracts in descending, the following facts 
appear to be established. 

The fissures are transverse and curved, having their convexity turned towards the upper 
extremity of the glacier. 

Systems of fissures, preserving a certain identity of character with respect to number and 
form, remain fixed in position, not with reference to the moving mass, but with reference to the 
fixed objects around. It is not however to be understood that each fissure of a system remains 
absolutely stationary, but that each system remains so in the same sense in which what may be 
termed a system of breakers on the sea-shore may be said to be stationary, although every suc- 
cessive wave is in constant motion. In like manner every fissure must move through a certain 
space with the glacier, and then disappear by closing, or be so modified as to lose its identity + ; 


* Letters to Professor Jameson—Edinburgh Journal of | ¢ I consider a fissure to remain identically the same so long 
Science. as it continues to intervene between the same identical portions 
+ Ibid. | of ice. 
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and when, during this motion, it has passed forward a certain distance, a succeeding one originates 
at the same point, moves forward in the same manner, and ultimately disappears at the same 
point as those which have preceded it. 

If the sides of the containing valley be divergent, the longitudinal fissures predominate, and 
diverge from the axis of the glacier in a manner accordant with the divergency of the sides. 


8. The continued convexity of a crevasse turned towards the upper extremity for a great 
length of time would manifestly be inconsistent with the fact already stated, that the central 
portion of a glacier moves considerably faster than its sides; for such relative motion must have 
the effect of continually lessening and ultimately destroying the convexity. Let us examine how long 
a time it might require to produce this effect. 

Let PN, be a transverse fissure when first formed in a gla- 
cier, of which NO is the axis. We may, for an approxima- 
tion, suppose PN, to be the arc of a circle whose center is 
O,. Since N, will move faster than P, the position and form 


oN 
P 

of the fissure will change, but, as the change will depend only _—=- 
on the relative motions of different points of the PN, we may \ 


here suppose P to remain at rest, and the other points of the \ 
fissure to move only with their relative motion. It will be suf- \ 
ficiently near for our purpose if we suppose this motion such \ i. 
that the fissure shall always retain the form of the are of a 3 
circle. Suppose it to come into the position PN after a time \ 
#, and let O then be its center of curvature. We may first an 
examine what change of curvature will take place in the fissure in 
the time ¢, the curvature being measured by the angle PON. \ 

Let PON=0, PON, =0,, and PO=r, PO,=7,; and ies 


\ \ 
let v be the relative velocity of N. Then io 
ee 
NN = vt, \ 1 
‘ \ H 
and 1 vers. 0=1, vers. 0, — Utsercenereeseeveeeee(1): \! 
Also, if b= sin of the arc PN_, ae 


r sin@ = b, 


and 7, sin @ = 6. 
Hence (1) becomes 


vers.@ vers. 0, 
sin 0 sin 0, 


6 wv 
or tan— =tan—-—-t, 
b 
which gives the curvature at the time ¢. 
If @, and, therefore, 9 be not too large, we shall have approximately 
Qu 
0 = 0) — —t; 
‘ b 
or if @ and @ be expressed in degrees, 


180 2 w 
@ = 6 - (=. = t) ; 
‘ F b 
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To take a numerical example, let us suppose PN to be 2000 feet, where the relative velocity 
(v) is ,3 feet*, the unit of time being one day; we shall then have 


o-a-(f) 
58 


nearly. Consequently it would in this case require nearly two months to diminish the angle 
@ by one degree. If @,=8° or 10°, the change of curvature during a whole summer will 
scarcely be sensible to the eye. 


When the whole curvature is destroyed we must have @=0, or 


180 2v 
@ — —.—i=0; 
T 
ar Ob 
t= —.—.0 
18 20F ie 
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nearly with the above values of v and 6. 

If @,=10°, t=580 days, supposing the relative motion to be ,3 feet each day. 

If the central part of the glacier move through a foot each day, the curvature in the 
above case would be destroyed after the highest point (N) of the fissure should have moved 
through 580 feet. 


9. Professor Forbes has shewn by his observations on the Mer de Glace, that there is 
little variation of velocity except at points near the sides of the glacier. Consequently, if 
we take a fissure of which the extremities do not approach too near the sides, the relative 
velocities of different points of it may be much less than supposed in the above example, and 
a fissure might remain for several years without losing its convexity. The period during 
which these crevasses preserve their identity as open fissures, has not yet been made suf- 
ciently a matter of observation. Whatever this period, however, may be, it is manifest, that 
since it is too short for the convexity above described to be destroyed, the crevasses must 
generally close after moving with the general mass of ice through a space extremely small com- 
pared with the length of the glacier. After being closed they will form surfaces of discon- 
tinuity within the glacier, i.e. surfaces along which there is a discontinuity in the cohesive 
power of the ice. There will, in fact, be no cohesion along such a surface when the crevasse 
first closes, though it may be afterwards partially restored. As the existence of these surfaces 
may exercise an important influence on the relative motions of different parts of the glacier, 
it may be well to examine more particularly the positions they will assume in consequence of 
the observed relative motions of the center and sides of a glacier. 


10. Szrfaces of Discontinuity—Let AA’ in the annexed diagram represent a fissure im- 
mediately after its first formation. For the greater distinctness of explanation it is supposed to 
extend from one side of the glacier to the other. Suppose it to move to BB’ before it closes. 
During that time other fissures will have been successively formed at 44’, and will in like manner 
have moved forward; so that between Ad’ where the fissures are formed and BB’ where they 
finally close, there will be a system of open fissures as represented in the figure. Below BB’ the fis- 
sures will no longer be open, but will form swrfaces of discontinuity, as above described. The 


* If the central velocity be represented by unity, the velocity of the sides will probably be very frequently between ,f and ,8, and 
therefore the relative velocity of the center between ,2 and ,4. 
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successive lines in the diagram represent successive positions : é 
of any one of these surfaces, or simultaneous positions 
of successive surfaces originating in the same system of 
fissures. If we suppose RUR’ to have been an open 
fissure at 4d’ when SVS’ was so at BB, there will be 
a number of surfaces of discontinuity between RUR’ and 
SVS’ corresponding to the number of open fissures be- 
tween 4A’ and BB’; and the same would hold between 
each consecutive pair of lines which at a previous epoch 
coincided simultaneously with Ad’ and BB’. 

If another system of fissures be formed at ad’, they 
will give rise to a corresponding system of surfaces of dis- | 
continuity, of which the dotted line rr’ may be taken as 
the general type. These surfaces will intersect those of the 
former system at angles more acute as they become more R 
remote from aa’*. 

Hence then it follows, as a simple geometrical conse- 
quence of the existence of transverse fissures and of the 
more rapid movement of the central portion of the glacier, 
that the whole mass must be traversed by numerous surfaces 


of discontinuity; all those originating near the higher ex- ah 

tremity of the glacier becoming very nearly longitudinal as _——— 
they descend, and others being less so, according as their % == —— ” 
origin is more remote from that extremity. The whole 

mass will thus be divided by these intersecting surfaces | 

into innumerable portions. Cohesion, as before intimated, 

may be partially restored along the surfaces of discontinuity, E e 


but the difference of velocity in the central and lateral por- 
tions will have a constant tendency to give slightly different 
motions to contiguous portions, and thus to prevent the 
restoration of cohesion. The whole glacier will thus be- 
come a dislocated mass; and that it actually is so is indi- 
cated by the facility with which it breaks up into vertical 
masses whenever irregularity of motion is superinduced by 
irregularities in the bottom or sides of the glacial valley. 
I consider a glacier, therefore, as an aggregate of numerous 
parts, cohering so imperfectly as to allow a much greater 
facility of motion among themselves, than if the mass were 
perfectly continuous. The glacier will thus derive a much 
greater facility of adapting itself to the configuration of the 
valley through which it descends, than if its power of adap- 
tation depended merely on the plasticity and compressibility 0 
of glacial ice—properties which it must doubtless possess, 

though possibly in so small a degree that they may only 

become sensible under the action of the enormous pressure to which I shall hereafter shew the 
glacier must be subjected whenever its motion is considerably impeded. 


——————————— eee 


* This exposition respecting the surfaces of discontinuity is | alternate layers of ice of different structure, which constitute the 
similar to that given by Professor Forbes with reference to the | ribboned structure. 
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SECTION IV. 
Explanation of Phenomena depending on the Motion of Glaciers. 


ll. Relative Velocities of different parts of a Glacier.—According to our theory, the velocity 
of any portion of a glacier will depend (1) on the inclination of its bed, (2) the disintegration 
of its lower surface by the internal heat of the earth, (3) on subglacial currents, (4) the 
depth of the mass, and (5) local and lateral obstacles. The first and second causes will generally 
have nearly the same effect both in the central and lateral portions; but the third cause will 
manifestly produce in general the greatest acceleration in the central parts, and the fourth 
cause will produce a similar effect, if the glacier be deeper in the center than at its sides 
[ Art. 2 (3)], while the greatest retardation will be produced on the lateral portions by the last 
of the above-mentoned causes. These causes sufficiently account for the greater velocity of the 
center of the glacier. 

Again, the second of the above causes will probably act with approximate uniformity through- 
out the whole length of the glacier, but the third cause will act with the greatest energy at 
the lower extremity, because the subglacial currents will be increased by innumerable tributaries 
as they descend. This cause, therefore, will tend to make the velocity greater, as we approach 
the lower end of the glacier, while the greater depth of the mass at the upper extremity will 
tend to give the greater velocity to that part of the glacier [Art. 2 (3)|. In winter the effect 
of the currents must be very inconsiderable, and we should consequently expect that there would 
be a tendency in the portions of the glacier in the higher regions to move faster than those in 
the lower, in which case there must be a longitudinal compression, and consequent closing up 
of transverse fissures in a greater or less degree. During the summer, on the contrary, the sub- 
glacial currents will be most efficient, and we should expect that they would give the greater 
velocity to the lower extremity of the glacier, in which case the mass would be brought into 
a state of longitudinal tension, by which new transverse fissures would be formed, or old ones 
reopened. 


12. Internal Tensions and Compressions arising from the unequable Motion of the Glacier.— 
The mathematical determination of the internal state of tension or pressure of a solid, but 
extensible and compressible body, acted on by external forces, presents difficulties which are 
at present insuperable, except in the most simple cases; nor can demonstrable conclusions of 
._a less determinate character be arrived at except by an exact knowledge and careful application 
“of mechanical principles. The cases I shall consider are the simplest of the kind, and admit 
of, simple and conclusive reasoning. Let us first suppose a glacier to be a continuous mass, and 
to descend down a gradually contracting valley, so that the mass may be everywhere sub- 
jected to lateral compression; and let us also suppose that points near the upper extremity 
of the glacier tend to move with a smaller velocity than those more remote from it, and the 
central with a greater velocity than the lateral portions, from the causes above explained. Our first 
object is to determine the direction of greatest tension at any proposed point. 

Conceive the mass divided into two portions by an imaginary surface, which, for the greater 
distinctness, may be supposed vertical or nearly so at every point. The mechanical action 
between any two contiguous particles, situated on opposite sides of this geometrical surface, may 
be resolved into two forces, the one normal and the other tangential to it. The normal force 
may be either a pressure or tension; in the latter case there must be cohesion between the 
particles. The tangential force may arise from cohesion, or may be of the nature of friction, 
and independent of the existence of cohesive power. Now let us conceive the normal cohesion 
at every point of our imaginary surface to be destroyed. Then, since the part of the mass 
near the lower extremity tends to move faster than the other part, these two portions will 
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necessarily separate, if the surface intersect the lines of motion of the particles through which it 
passes, and the internal state of pressure and tension will be altered. But, again, let us suppose 
this surface to coincide with the line of motion of every particle situated in it, and while the 
normal cohesion is destroyed, conceive the tangential force between contiguous particles to be 
still maintained by friction. Since, by hypothesis, the mass is in a state of transverse com- 
pression, it is manifest that the destruction of the cohesion along the internal surface in the 
position now supposed will cause no separation of the two portions into which the mass is 
thus divided, or any modification of the previous motion, or of the internal pressures and tensions 
due to it. The same will be true if another such surface existed as near as we please to the 
former. But in this case, it is manifest that the direction of greatest tension at any point be- 
tween these two surfaces must be in the direction of these surfaces, i.e. in the direction of 
motion; for since by hypothesis no cohesion exists between the portion of the mass included 
by those surfaces and the contiguous portions, it is impossible that any tensions should be 
impressed upon it in directions transverse to its bounding surfaces of no cohesion. Consequently, 
the same must hold when the cohesion of the mass is unbroken, since it has been shewn that 
the destruction of the cohesion would not affect the state of internal pressure or tension. 


13. From the former part of the preceding paragraph, it follows that if any surface be 
described within the mass, perpendicular at every point to the direction of motion, there will 
be a maximum tendency to destroy the cohesion along such surfaces, so far as that tendency 
depends on the relative motions of the portions of the mass near the upper and lower extremities 
respectively. 


14. Again, if our imaginary surface be longitudinal, and coincide with the direction of 
motion of the particles through which it passes, it is manifest that the greater motion of the 
central parts will cause an action of the particles on one side of the surface, on those on the 
opposite side of it, and in directions tangential to it. This force will depend on the tendency 
of the one set of particles to move faster than the other, and will evidently be greatest in the 
direction in which that tendency is greatest, i.e. in the direction of the motion. If it be 
sufficiently great the cohesion will be destroyed. There will be no tendency to produce open 
fissures in the case we are considering, on account of the lateral compression to which the mass 
is assumed to be subjected, but there will be a tendency to produce longitudinal surfaces of 
discontinuity. To investigate the effects of the internal forces thus called into action, let the 
following diagram represent a portion of a glacier bounded by the transverse sections 44’ and 
BB’, originally plane, but brought into the positions there represented .-y the relative motions 
of the center and sides of the mass. Let ab, cd, &c. be any longitudinal surfaces along which 
the tangential forces are called into action, and therefore in the direction of motion; and for the 
greater simplicity suppose every thing approximately symmetrical with respect to the axis OO’. 
Also let w, ws....-. AD a selclele w, be the weights of these longitudinal portions into which the mass 
is thus divided; V, V......V,......V, the velocities with which they would respectively move, in- 
dependently of the action of adjoining portions on each other; they may be supposed to diminish 
from the center to the side ; v, Us......U;....-.U, their actual velocities; f, fy...--. haves sna, thextans 
gential longitudinal forces of contiguous portions on each other. 

Now if W denote the weight of a mass of ice moving down an inclined plane, of which 
the inclination = a, in the manner described in my experiments, the moving force of gravity 
along the plane will be Wsina. Let a retarding force (f) be applied to the mass, and let 
the velocity of descent then = v. Then, if V be the velocity when f does not act, we shall 
have, by the second observed law of motion in such cases (Art. 2), 


vo Wesina-f 


V Wsina 
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and therefore, 


‘fe (: M =) W sin a. 


The central portion abb'a’ in the preceding diagram will be retarded by the force 2f, 
and therefore, since its weight =2w,, we shall have 


Vv, : 
= y, w, sin a, 


a being the inclination of the bed of the glacier. The second portion, of which the weight = w,, 
will be retarded by f, —f,, and, therefore, 


h-fi= (1 - =) Wy Sin a. 
We shall therefore have the following series of equations : 


v - 
f, -0= (: = w, sin a, 


V, 
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Suppose @ to be the greatest value of the tangential forces (f) which one portion of the 
mass, on account of its nature and structure, is capable of exerting on a contiguous por- 
tion, without destroying their cohesion, and the one sliding past the other. The above equations 
shew that f, f2, &c. are in ascending order of magnitude. Let f, = p; then will f, fi....--fr-1 
be less than @, which will also be the limiting value of fi4, fize-----Soeeeee , and will be their 


actual values if we suppose dp to be the same for every two contiguous portions. In this case, 
we shall have 


Teen =i = 0, 

ife = fi = 0, 

SAEDOGS00 TOD OOC R 
and therefore M41 = Vari 

Vs = Vi 


Hence if ed, ed’ represent the boundaries of the n‘” portions on cach side of the axis, the por- 
tions between these lines and the boundaries, 4B, A’B’ respectively of the glacier will move with 
the same velocities as if they were not affected on the one hand by the lateral action of the central 
portion, and on the other by that of the side of the containing valley, assuming this latter action 
also = @. If each longitudinal portion of the mass were perfectly rigid, the central portion edd¢’ 
would remain unbroken (since f, f..-.f,-1 are less than @), and would move with a common velocity, 
sliding past the adjoining portions, as these portions would again slide past those contiguous to 
them. The central part would thus be brought into the position represented in the diagram 
by the dotted lines at its upper and lower boundaries; but if the mass have some degree of 
plasticity (as is doubtless the case with ice), it will be brought into the position defined by the dark 
transverse lines ; for any such portion as cf will be acted on by a tangential longitudinal force @ 
on one side in the direction ed, and on the other by an equal force in the direction fe; and these 
forces, while they counteract each other with respect to the progressive motion, will ¢wist the mass 
from the form of a rectangular into that of an oblique-angled parallelopiped. The forces f; f,, &e. 
will in like manner twist the component portions of the central mass cdd’c’ in a degree propor- 
tional to their intensities, and therefore in the least degree those parts nearest the axis; so that 
the central parts of ce’ and dd’ will have little curvature. A small additional motion, however, will 
thus be given to the middle of the central portion, but with the degree of plasticity here supposed, 
it may be considered as much less than that due to the sliding of one portion past another. 

If @ be considerably smaller near the sides than at points more remote from them, the 
width ce’ will be large, and there will be little variation in the velocity of the glacier except 
at points near its edges, as stated by Professor Forbes to be generally the case. 


Mr. HOPKINS, ON THE MOTION OF GLACIERS. 65 


15. If we add together the two sides respectively of the first m of the above equations, 
we have 


v 


Vv : a 3 
={1——] w, sina +... + [1 — =) w, sina. 
fr ( 7 , ( V, 


1 n 
But v, =v, =...... =v, nearly; and if we suppose /, V,...... V, not to differ much from each 
other (as will probably be the case in most glaciers), we may substitute for each a mean value 
V. Then we have 


o=F, = (1 - =) (W, + We + -eeeee W,) SID a, 


where v is the common velocity of the central portion; or, if 
WD). We + occnss RO = Vy 


=({1- = W,, sin a. 
? y 


If the whole mass be very wide, like that of a glacier, and a be equal to the ordinary incli- 
nation of a glacier (from 3° to 10° or 12°), and if the retardation V—v be considerable, @ may 
become a force of enormous magnitude. In order that the motion of the mass may be entirely 
destroyed, cd must coincide with AB, and we shall have 
p = W sina, 

where W= weight of the whole mass. 

This explains the prodigious power which large glaciers are capable of exerting to overcome 
local obstacles to their motion, arising from irregularities along the sides or bottoms of the valley 
down which they move. 


16. If the tangential action along gh, instead of being equal to @, be equal to @’ less 
than @, the portion eh will be accelerated by the difference of the lateral actions, @ and @’, 
and similarly for any other portion; but it will be observed that the portion cf, the nearest to the 
center of those against which sliding takes place, will be neither accelerated nor retarded by 
these lateral actions. Hence, if, in any proposed glacier, the velocity is nearly the same for the 
central portion (dd’), but diminishes with considerable rapidity on approaching the sides, we 
shall have two points (d,d’) which may be determined approximately, in any transverse section, 
at which the velocity will be the same as that of a glacier whose thickness should be the same 
as the depth at these points, and in which the conditions at its lower surface should be the 
same as for the longitudinal portions through d and d’, but whose motion should be unimpeded 
by any lateral obstacles. This conclusion is not unimportant as shewing that the slowness of 
glacial motion does not result from lateral or local impediments, but is a necessary consequence 
of the action of the bed of the glacier on the lower surface of the mass, as in the experiments 
above detailed. It is this unimpeded or mean motion which ought in strictness to be compared 
with the motion in these experiments. 


17. In the preceding investigations the mass has been supposed to be continuous, but it 
is easily seen that similar reasoning will apply if the mass be more or less dislocated. In 
such case its cohesion will oppose comparatively little resistance to the formation of transverse 
fissures; and the greatest tangential force (p) which can be exerted will be much less than 
when the cohesion is continuous, The sliding of one longitudinal portion past another, and the 
more rapid motion of the central portions, will thus, as already remarked, be much facilitated. 


18. Formation of Crevasses.—It has been shewn (Art. 13), that if the mass of a glacier 
were continuous, there would be the greatest tendency to form fissures in directions perpendicular 
to those of motion, when the lower extremity of the glacier moves faster than the upper one. 
Hence, if the tension becomes sufficient to overcome the cohesion, fissures would be formed in 


Were WOU  Leewri Us I 
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these directions, and would therefore be curved with their convexity towards the higher extre- 
mity of the glacier, the glacial valley being convergent. The degree of curvature would de- 
pend on the convergency of the lines of motion. If the mass be more or less dislocated, there 
will still be a prevailing tendency to cause fissures to open in the same direction, though their 
formation will necessarily be modified by the pre-existing dislocation. There will be the greatest 
tendency to form these transverse fissures, or crevasses, where the change of velocity is most 
rapid, or where lateral or other obstacles produce the greatest irregularity of motion. This 
accounts for the permanent existence of systems of crevasses in particular localities, as already 
noticed (Art. 7). Particular local causes may produce tensions which are not longitudinal, and, 
therefore, crevasses which deviate from the general law of formation; but the general transversal 
directions of these fissures proves beyond doubt the predominance of a general longitudinal 
tension during the period of their formation. 

This period, according to our theory, would be the summer, as already shewn (Art. 11). 
In the winter, it has been also shewn, the motion must probably tend to produce in general an 
internal longitudinal pressure, and therefore to close previously existing fissures. And here it 
should be remarked, that it is not essential in order to produce these latter effects, that the 
motion of the glacier near its upper extremity should be absolutely greater than that near its 
lower end, but that the former of these motions should bear a greater proportion to the latter 
during winter, than during summer. 


19. In our previous reasoning the glacial valley has been sup- 
posed to be convergent in descending. Let us now suppose its width 
to increase, and its sides to become divergent below CC’. It is a very 5 
general law in such valleys, that where the valley expands its descent 
becomes less rapid. Assuming such to be the case, the part of the 
glacier below CC’ will tend to move more slowly than the part above 
that line. Consequently, the former of these portions will be in a state 
of longitudinal compression, which will prevent the general forma- c 
tion of transverse fissures. Also the pressure along CC’, which will 
be greatest in the centre, will push forward the mass below, so as 
to make it tend to move along diverging lines of motion. Hence if the 
mass remain continuous it will be in a state of transversal tension, 
or if the continuity be broken, a system of longitudinal diverging cre- 
vasses will be formed. Such systems have been recognized both by 
M. Agassiz and Professor Forbes. 


20. Passage of a Glacier through a narrow Strait.—Let us suppose the glacial valley to 
contract suddenly at BB’ in the following diagram, and consider the motion of the glacier after 
it arrives at that section. Conceive the mass divided into different portions by longitudinal planes 
of discontinuity, as in the figure. The central portion edd'c’ represents, as before, that in which 
no sliding of one part of it past another takes place, the planes where this relative motion begins 
being ed and e'd’. The more the central motion is impeded the greater will be the force f,, (Art. 14), 
and the narrower will be the breadth dd’. The motion of the lateral portions will be much impeded 
in such a case as that represented, and near to B and B’ may be entirely arrested, but there will be 
no action which can destroy the motion of the part edd’c’. The central portion, bounded by the 
planes of discontinuity through B and B’, will in fact move very much in the same manner as if 
those planes were the immoveable boundaries of the glacial valley. 

Unless BB’ be too narrow, therefore, the motion of the glacier will be only retarded and not 
destroyed; but even this retardation may be counteracted by other causes. The effectiveness of 
the subglacial currents will be increased by the contraction of the valley, and very generally the 
inclination of a valley increases as its width diminishes. These causes may compensate for the 
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retarding effects of the lateral action on the flanks of the glacier. The same explanation will 
apply whether we suppose the cohesion along the planes of separation to be entirely destroyed or not. 
It is only necessary that the tangential action between the central and contiguous portions should 
not be sufficient to prevent the former from sliding past the latter. 


21. Position of the Surface of a Glacier.— 
Let P, Q be two points on the surface of a 
glacier situated on the same line of motion. 
C a point fixed in space in the vertical line 
through Q. Draw Pp parallel to the bed 
(AB) of the glacier. If the thickness BP of 
the glacier at P remained constant while P 
moved to the vertical line QC, P would come 
to p, and the thickness of the glacier along 4C 
would be increased by Qp. Draw PM hori- 
zontal, and let MPQ = a, the inclination of the 
surface of the glacier, and MPp = 6 = that of 


the bed of the glacier. Then if PM = a, = 
Qp = MQ - Mp is Ss. ee 
= a (tana — tan). iene 
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If we suppose an upward expansion of the mass to take place in consequence of the freezing and 
consequent expansion of infiltrated water, according to the theory of dilatation, this expansion will 
also increase the thickness of the glacier above A. Let e denote this increase for a unit of thick- 
ness, while P moves through the horizontal space PM; then will eh be the whole increase, h being 
the thickness AQ of the glacier. On the contrary, the thickness will be diminished by the melting 
of the superficial ice during summer, occasioned by external influences, and of the ice in contact 
with the bed of the glacier, as the effect of internal heat and subglacial currents. Let A and é 
denote the depressions of the surface below the point C, due to these causes respectively, in the 
time (¢) of moving through PM. Then if D denote the whole depression of the surface in the 
vertical through C in the same time, we shall have 
D=A+6-eh —a(tana — tan £). 

Of the quantities involved in this equation D, A, a and a may be easily observed. For this 
purpose conceive two vertical poles fixed firmly in the ice at P and Q in the same line of motion, 
their upper extremities coinciding as nearly as possible with the mean level of the glacier at the 
time. ‘lhe inclination to the horizon of the line joining them would give the value of a; and the 
height to which the poles should project above the surface of the glacier after the time (¢) 
would give the value of A for that time. To determine the corresponding value of D, we 
might observe the vertical distance of the surface of the glacier from the fixed point C when the 
poles should be first fixed, and after the time ¢ of moving through PM, repeat the observation. The 
difference between the observed vertical distances below C would give the required value of D. 

The only attempts at the independent determination of « have been made, I believe, by obsery- 
ing the distances at different times of fixed points on the surface of the ice. Such determinations 
I consider entirely valueless, on account of the impossibility of separating the effects of dilatation 
from those of pressures and tensions depending on other and independent causes. If, however, 
instead of horizontal we should make vertical admeasurements, the value of ¢ for a given depth 
of ice might, I conceive, be determined with great accuracy. If two short horizontal poles were 
firmly fixed in a vertical line in the vertical wall of a crevasse, and an inextensible line or chain 
were fixed to the lower one, any variation of the known distance between the two poles might 
be ascertained with great accuracy by observations made at the upper one, and thence the 
value of « might be accurately determined*. 

Supposing the quantities D, A, a, a and ¢ to be determined, our equation will still contain 
three unknown quantities, (3, 6, and A, which cannot be determined by direct observation. I think 
it probable, however, that « might be found to be inappreciable, or, at least, extremely small, so that 
the term eh might either be neglected or expressed approximately by means of an assumed value 
of h. We might also eliminate 6 from the above equation by making one of the observations for the 
determination of D as late as possible in the autumn, and the other as early as possible in the follow- 
ing spring, since the corresponding value of 6 would doubtless be very small on account of the absence 
of subglacial currents during the winter. The value of D in this case would probably indicate 
an elevation of the surface. Let this value therefore be denoted by - D. We should thus have 

D = ch + a(tana — tan f) -—A,; 
"5 D+A-eh y 
———#_—__——_ = tana -— — 
a a 
nearly, the value of eh for the winter being small enough to be neglected. If tan 8 were thus deter- 
mined, the value of 6 corresponding to any observed values of D and A, would be given by our 
previous equation. 

Also if 8 were known we should have immediately the difference of thickness at P and Q; 

for this difference = Qp =a (tana — tan (3). 


or, tan B = tana — 


* It appears singular that those who insist so much on glacial dilatation should neyer have subjected their views to this simple test. 


Mr. HOPKINS, ON THE MOTION OF GLACIERS. 69 


The determination of (3 would afford an obvious means of approximating to the thickness of 
the glacier at any proposed point. For suppose (3 determined for all those different portions of 
the glacier where a difference of inclination of the upper surface might indicate a corresponding 
difference in that of the lower one. Let the length of the successive portions, beginning at the 
lower extremity, be a, a2......a,3 and let a, a,......a,5 Pi B....... B, be the corresponding 
values of a and 3. Then if h, be the vertical thickness at the lower extremity, and h the re- 
quired thickness at a distance =a, + a,+......a@, from that extremity, we shall have 

h =h, + a, (tan a, — tan B,) + ...... + a, (tana, — tan B,). 

The chief practical difficulty in the application of this formula would be in the determina- 
of 8, B., &c. with sufficient accuracy. It appears not improbable, however, that the limits of 
error in determining 3 by the formula above given for tan 8, would be such as to render the deter- 
mination a sure approximation to the real value; and, at all events, if it were found impracticable 
to determine all the quantities 3, B,...... 3,, and therefore the complete thickness of the glacier, 
such of them as should correspond to the more accessible and least irregular parts of the glacier, 
might probably be determined with considerable accuracy, and thus the rate of increase of thick- 
ness in these parts would be known. 


SHC DUON V- 


Internal Temperature of a Glacier. 


22. In a previous section I have given the general reasoning by which we conclude that 
the temperature at the lower surface of a glacier of considerable thickness cannot be higher than 
zero of the centigrade thermometer. Since this conclusion, however, is of the first importance in 
the theory which has now been offered of glacial motion, I shall give the mathematical investigation 
of the problem. The case taken for direct investigation will be that of a large sphere, like the 
earth, of which the temperature increases as we descend, coated with an external shell of ice, the 
temperature of the shell being at every point below zero (cent.), that the ice may in every part 
remain perfectly solid. We shall thus be able to deduce the limiting thickness of the icy crust 
compatible with this condition of perfect solidity. If the thickness exceed this limit, then must 
its lower surface be in a state of constant disintegration, as already explained (Art. 4). 

We have no exact knowledge of the conductive power of ice, but there is no reason to doubt 
its being very small. I shall suppose it (for the greater simplicity of investigation) to be the same 
as: that of the earthy matter supposed to constitute the nucleus of the sphere; and for the 
same reason I shall also suppose the conductive power from the nucleus to the icy envelope to 
be the same as in the interior of the nucleus, or in that of the icy crust. I shall also assume the 


Tv . . 
external temperature to be represented by V + C cos (ent 4 *). So long as this is less than 


zero, the problem will present no peculiarity arising from the circumstance of the exterior crust 
being composed of ice ; but however much the external temperature may exceed zero, the superficial 
temperature of the crust cannot, from the nature of ice, rise higher than zero. Hence while 
the external temperature is below zero, we shall have the ordinary case of a solid body placed 
in a medium of which the temperature varies according to a given law; but when the external 
temperature rises above zero, the condition at the surface will be that the swperficial temperature 
of the mass shall be constantly at zero, Instead of this last condition, however, we may suppose 
that, during the time it would hold, the external temperature shall be zero; for it is manifest that 
the two condtions will in the case we are contemplating be very approximately the same. Hence, 
then, the case for investigation will be that of a sphere of large dimensions cooling in a medium 
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; ; T é wu: ; ¢ 
of which the temperature is V + C cos (2 at +7) when this quantity is negative, and zero for 
those values of ¢ which render the expression positive. If V =0 the first of these conditions will 


1 3 1 
be satisfied from ¢=0 to tr i2 from ¢=1 to tees &e.; and the second from t=- to ¢=1, 


from t= 


v9 1 Oo 


to t=2, &c. If V do not =0, the former of these periods will be shortened and 


the latter lengthened, or the converse, according as V is positive or negative ; if, however, V be 
small compared with C, the periods will be approximately as above stated, and such, therefore, 
we shall consider them. They will be semi-annual, if we take one year as the unit of time. 

The theorems given by Poisson, in his Théorie de la Chaleur, Articles 194, 195 and 196, will 
enable us to obtain the required solution. 


23. If the external temperature be represented by the general formula 


B + Acos (mt +e) + A, cos (m,t + €,) + A, (cos mat + €) + &e.......... ay 


and wu’ denote that part of the internal temperature which depends on the external, we shall have, 
at the depth 2 beneath the surface, 


b a fa ‘ 
u=B+—Ae oY Sicas fatten 22) 
D \ a 


9 


~ 


b SN fis é 
+ —Aj,e sVaaras au +eE- 2 afm = a) 
D, a 


2 


Where Dies de oe NA Dann 
a a 2 
bV2 
and therefore D? = b? + = Z 


m 
op bars 
a 


; aie : k 
with similar formule connecting D,m,0,, D.m:6,, &e. Also a® =—, where k represents the 
c 


conductivity and ¢ the specific heat of the matter constituting the globe; and 6 is a quantity 
depending on the conductivity and radiating power of the surface. 

Now generally if @ (#) denote any function whatever, continuous or discontinuous, whose values 
recur whenever ¢ is increased by @, so that p (¢ + 0) = @(¢), we have the general formule 


eH=f pat 


+ “f ¢ (t') cosa dt’ .cos = su s/o) sin “mae. sin 
7 =f e® cos = dt’ cos = + = ol) sin == df : sin 
+ &e. 
which will coincide with (1) when the following equations are satisfied, 
Qa Aa 67 
edad Te? di shaae oray £ ES amiga &e 
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2 t 
A cose =;f° o (t) cos *™ ay A sine = af, (f)sin == dt, 


2 P 4 : : 2 peor bh 1 
PM es “dt, A sine = 5 f° @ (¢) sin dt, 


&e. = &e. &e. = &e. 
2 . 2 1)rt, : 2 es /2 1) rt’ 
A, COS €,, =F [ple yeos "ae, A, sine, = sf ee) sin a 
en —  &e &e. = &e 


In the application of these formula to the case before us we have 


B= [ip Wat + fo (yat 


flrs C cos (amt + *) ar 
0 ~ 


A cos e¢ = a V + Cocos (exe +2) | cos. emt dt’ 
0 


, (G , ’ 
Vcos27t + S cos (ane + 2) ae 


A sine = 20 


V+ Cocos (ene + =) sin27t’ dt’ 


~ 


ll 
vo 
o— 
-_ 
ee 


rea lhe , e 
V sin 2rrt ie {sin (400 +7)- sin 4 dt 


il 
) 
ama a 


ote 

oe 7 
2G. 
Hence, €= ae A= -=—. 
2 7 2 


Also taking the general term, 


P| - T , ’ 
A, cos aef'frs C cos (2a + =) cos 2(m +1) at dt 
ai) 


9 
x 


3 Fretted O on a Tr ’ 
=2"{P eos 2 (n+ 1) rt ia [ cos (2@ +2) at + ) + cos (onmt -7)]\a 


= 0 when m is even; 


ao 
T 


. ——— when 7 is odd. 
n(n + 2) 


: 4 : ‘ er 
A, sin gna [ {T+ C cos (2a + 2)| sim 2 (u +1) wt dt 


a 


| eae no Gels a er : ne ae 
=2( {Vain 2(u +1) xt aay [sin (2 (2 + 2) rt + =) + sin (2nzt -2)]fae 


dt, 
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Vie j 
= — —,——— _ when 7 18 even; 


rnt+ti 
=0 when m is odd. 


Consequently when m is even 


7 Ve #2 
Cri = =I9 A,=--—. 5 
Q n+) 
and when 2 is odd, 
G 1 
E7— 0 A =-—. 
op a "3 n(n+2) 


Hence, substituting in (2) we have 


SE 7 By 
—-=)e a" cos (24t + — — —\/x — 6) 
2” Gi 


7. D\ xr 2 
b (G} Se av = n 
— -e€ @* "cos (47t —- -\V//27—-0 
“Dial 3.0 : Og a ye) 
Dee IViape a TT & ,— 
eee eee Nogions (Gaerne a2 ee 
Dz aac cos (6 7 aS avs 1 — 0») 
+ &e. 


24. If v denote the temperature which would exist at any point within the sphere at the 
depth 2 beneath its surface, if the external temperature were always equal zero, we have 
(v being small compared with the radius of the sphere) 

V=%U+ 72> 
where v, is the superficial temperature of the sphere, and yy the rate at which the temperature 
depending on the original heat of the sphere, increases with the depth. 

Let » denote the temperature of the sphere at the depth 2, as depending both on the 
original heat, and the variable external temperature ; then 

U=V4+U; 
or 
wer -Santyor zs (—-S) < * cos (2rt + =~ —V/n - 8) 


1 2 


b C eA aa a == 
ap a?" cos (4rt ——\/27—-8 
D, Mone (aes Pere ) 


cto OC Cainelslaleisinie ciolee steicioiseiciecieiesicinciipieisteciecneiie cieselste teen iaecterctese (3) 


the complete expression for the temperature required. 


25. I am not aware of any experiments for the determination of a and 6 for ice. Poisson 
has given their values for the case of the earth, deduced from observations made at Paris on the 
annual variations of temperature at different depths. They are : 


a= 5,11655 ) . 
in metres. 
6 = 1,05719 
He also gives 
UV = 0°,0265 


opigaen (centigrade). 
SY, > 


Substituting the above values in the expressions for D, D,, &c. we obtain 
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b 

mon 2 nearly 
g 63 

Tip ale 
&e. = &e. 


A year is taken as the unit of time. 


26. In the preceding investigation the sphere has been supposed to have a complete shell 
of ice. The result will also be sensibly the same if, instead of the whole surface of the sphere 
being covered with ice, a small portion only of it be so covered, provided the thickness of the 
ice be small compared with its superficial dimensions. This is the actual case of a glacier, to 
which therefore equation (3) will be approximately applicable. Let us proceed then to the inter- 
pretation of that equation. 

We observe that when w =a few multiples of a, the value of the periodical terms becomes 
insensible, on account of the exponential involyed in them. Let «, be the least value of w for which 
we may neglect these terms. Then, if «, be the temperature at that depth, 


neglecting the small quantity vo. Consequently the temperature at a certain depth is independent 
ook C auk : F ; 
of annual variations, and lower by — — = than it would be if the exterior shell were composed of 
7 2 


rock instead of ice; for, in that case the value of B (Art. 23) would be the mean external tem- 


anc 
perature V, instead of — — —. 
2 T 
If aw, be the depth for which the temperature = 0, we shall have 
Vv 
=e + %, 
(GW ic Ge Bel A 
wise (< & 3) bd. bf (3) 
YANG 2 


which, if we give to y the value above stated (Art. 25), will be the numerical value of a, in 
metres. 

If x, be less than the thickness of the glacier, the formula (3), and therefore (5), will be no 
longer applicable; for (3) would give the temperature of the ice at depths greater than «,, higher 
than zero, which from the nature of ice is impossible. In such cases the lower surface of the 
ice, at whatever depth it might be, would be necessarily at zero, because the heat which, if the 
superficial crust were not ice, would elevate its temperature, will be employed in melting the ice 
at its lower surface, which will thus be kept at the zero temperature. 

With the value of y above given, equation (5) gives the value of 2 supposing the ratio of 
the conductive power of ice to its specifie heat to be the same as for the rocky crust of the earth. 
If this be not the case, the equation (5) will still give the depth at which the temperature = zero, 
by assigning the proper value to yy as depending on the ratio just mentioned for ice. 

As a numerical example, suppose V = 0, and C = 15° (cent.) We shall have at the depth a 


u, = — 5° nearly ; 
5 
and Qy = feet, 
,028 


178 feet nearly. ~ 
Vout. VIII. Parr I. K 
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27. The temperature — 5° (cent.) appears, however, to be much lower than that observed 
at different depths by M. Agassiz, and which did not exceed half a degree. The difference may, 
I conceive, be easily accounted for. In our investigation the surface of the glacier has been sup- 
posed to be exposed to the winter temperature, whereas, as soon probably as the mean temperature 
of the twenty-four hours descends to zero, the surface is protected from the external cold by a 
coating of snow, which increases as the temperature diminishes, and thus it is probable that the 
temperature of the surface of the ice* may descend but little below zero during the whole winter. 
If we suppose its lowest temperature to be about — 1°,5 (cent.) we shall have w, = — 0°,5, and a, = 54 
feet nearly. If the conductive power of ice be less than that of common rock, the value of #, 
will be proportionally less. 

Taking this last value of #,, it follows that if the thickness of a glacier should exceed 50 
or 60 feet +, the temperature of its lower surface would necessarily be zero, as already explained. 
Now the thickness of glaciers is doubtless much greater in general than 50 or 60 feet}, and 
therefore we conclude, that generally the temperature of the lower surface of a glacier cannot 
be less than xero, and must, consequently, be in a state of constant disintegration, unless the 
conductive power of glacial ice be much greater than that of the ordinary matter forming the 
crust of the globe. 

28. From the conclusion of the last article it appears, that if we would investigate accurately 
the internal temperature of a glacier of considerable thickness, we must take, besides the condition 
given by the superficial temperature, the additional one that the temperature at the lower surface 
shall always =zero. In this case, however, the resulting expression for the temperature would 
become so complicated, that it would be useless, I think, to give it, especially with the uncer- 
tainty which exists respecting the superficial temperature of the ice during winter. The conclu- 
sion above enunciated, which is not invalidated by this uncertainty, is all that is requisite for the 
theory of glacial motion which has now been offered. 


W. HOPKINS. 


* It appears to be established, that the snow which falls on all | thickness was estimated roughly at about 150 feet, that there might 
but the higher regions of a glacier is again dissolved in the spring | be no doubt of its being an extreme value. The thickness of 50 or 
or early summer, and does not contribute to any permanent increase | 60 feet as deduced above, is probably much nearer the truth. 


of the glacier. + See Note, Art. 4. 
+ As a deduction from the general reasoning of Art. 4, this | 


CAMBRIDGE, 
May 1, 1843. 


VII. On the Theory of Determinants. By A. Cayuey, Esq. Fellow of Trinity 
College. 


[Read Feb. 20, 1843.] 


Tue following Memoir is composed of two separate investigations, each of them having 
a general reference to the Theory of Determinants, but otherwise perfectly unconnected. The 
name of ‘‘ Determinants” or ‘‘ Resultants” has been given, as is well known, to the functions 
which equated to zero express the result of the elimination of any number of variables from 
as many linear equations, without constant terms. But the same functions occur in the re- 
solution of a system of linear equations, in the general problem of elimination between algebraic 
equations, and particular cases of them in algebraic geometry, in the theory of numbers, and, 
in short, in almost every part of mathematics. They have accordingly been a subject of very 
considerable attention with analysts. Occurring, apparently for the first time, in Crenner’s 
Introduction a V Analyse des Lignes Conches, 1750. They are afterwards met with in a Memoir 
On Elimination, by Bezont, Mémoires de lV Académie, 1764. In two Memoirs by Laplace and 
Verndermonde in the same collection, 1772. In Bezont’s Theory of Equations, and in Memoirs 
by Binet, Jowrnal Polytechnique, Vol. 1x.; by Cauchy, ditto, Vol. x.; by Jacobi, Crelles Journal, 
Vol. xx1t.; Lebesgue Liowville, Vol. v1. &. The Memoirs of Cauchy and Jacobi contain the 
greatest part of their known properties, and may be considered as constituting the general 
theory of the subject. In the first part of the present paper, I consider the properties of 
certain derivational functions of a quantity U, linear in two separate sets of variables (by the 
term ‘‘ Derivational Function,” I would propose to denote those functions, the nature of which 
depends upon the form of the quantity to which they refer, with respect to the variables entering 
into it, e.g. the differential coefficient of any quantity, is a derivational function. The theory 
of derivational functions is apparently one that would admit of interesting developements.) The 
particular functions of this class which are here considered, are closely connected with the 
theory of the reciprocal polars of surfaces of the second order, which latter is indeed a par- 
ticular case of the theory of these functions. 

In the second part, I consider the notation and properties of certain functions resolvable 
into a series of determinants, but the nature of which can hardly be explained independently 
of the notation. 

In the first section I have denoted a determinant, by simply writing down in the form of 
a square the different quantities of which it is made up. This is not concise, but it is clearer 
than any abridged notation, The ordinary properties of determinants, I have throughout taken 
for granted; these may easily be learnt by referring to the Memoirs of Cauchy and Jacobi, 
quoted above. It may however be convenient to write down the following fundamental pro- 
perty, demonstrated by these authors, and by Binet. 


ay B.. pa. | = pa toB epee a Bees 1- | -sosces (O). 
a B p> 2 patoB.., pa +a'B’.. | 


K2 
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An equation, particular cases of which are of very frequent occurrence, e.g. in the investi- 
gations on the forms of numbers in Gauss’ Disquisitiones Arithmetica, in Lagrange’s Determi- 
nation of the Elements of a Comit’s Orbit, &e. I have applied it in the Cambridge Mathe- 
matical Journal to Carnot’s problem, of finding the relation between the distances of five points 
in space, and to another geometrical problem. With respect to the notation of the second 
section, this is so fully explained there, as to render it unnecessary to say any thing further 
about it at present. 


§ I. On the properties of certain determinants, considered as Derivational Functions. 


Consider the function 
OPS a) (a& + By + ...) +.0.-0(1). 
a (aE + Bint...) + 


(v lines, and terms in each line). 


And suppose 

LEG, = a, B oe son 3) 
ideal Cpe 
(The single letter « being employed instead of KU, in cases where the quantity (KU), rather 
than the functional symbol K, is being considered). 


hoe ROAD bay SBE Bla HG. se ll eka)! 
RE + Syt+.., a ; B She 
RE+snt+.., a ; p : 

FOS RU CIRC. > se SU EISHe tay ce encden (A): 
AE +By +.., a 5 B 5a 
NELBH+.., a’ ; Bp’ fit 


The symbols K, F', J possess properties which it is the object of this section to investigate. 
Let A, B,.., A’, B’,..,..be given by the equations : 


ue Cone. piece ae hes se aah otal) 
BY, yy” ys Me 
A <E Bis %” a . I= ys AY me 


wr un mr oe 
B 2Y °- Yi '5, 


(The upper or lower signs according as (m) is odd or even). 


These quantities satisfy the double series of equations, 
Aa + BB +..=k, seve (6)- 
Aa +BB +..=0, 


Aa+ BB+..=0, 
AaB Gere 


&e. 
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Agel a! +10 Sky Soave. (7)- 
AB+ A’ B'+.. = 0, 


Ba+ Ba +..=0, 
BB+B'p'+.. =K; 


&e. 
The second side of each equation being (0), except for the 7° equation of the r' 
equations in the systems. 


b set of 


Let A, ws... represent the 7, r+ 1,... of the series a, 3,..., L, M,... the corresponding 
terms of the series 4, B... , 7 being any number less than (m), and consider the determinant 


Y haan J eee (8), 


A®-) ., L&-) 


which may be expressed as a determinant of the m"" order, in the form 


set TSS ig of 4) 12> (op 
A®-),.,E°-0 9 o 
0 0 an 


0 0 01 


Multiplying this by the two sides of the equation 


cs DA ce eee ae (10), 
a6) 


and reducing the result by the equation (© ), and the equations (6), the second side becomes 


me Ole vetane (Al) 
Ok 

K-0 0 

fa) pa yp 

0 aot), prt) 


which is equivalent to 


ety, por) 
Or we have the equation 
wil ietegeee & =} PP A 1S eG (13), 
5 : aft), por) 
MOD EE) 
which in the particular case of r=, becomes 
An Rt, 
A’, B mFS ted aco (14)5 
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which latter equation is given by M. Cauchy in the Memoirs already quoted; the proof in the 
«« Exercises,” being nearly the same with the above one of the more general equation (13). The 
equation (13) itself has been demonstrated by Jacobi, somewhat less directly. Consider now the 
function FU, given by the equation (3). This may be expanded in the form 
FU = (né + sy +...) [A-(4v+ a'a'+ .-)+ B(pasts'a’t+..)t..Jt covers (15), 
(WE + s'n+.-) [A.(ac+a’a’'+..) + B (exit va't+..)+..] + 


which may be written 
FU=2.(AE + Bynt+..)+ covers (16). 
vw. (ANE + Bly t+..) + 


By putting 
A=a.(p4+RA'+..) +B. RB+RBB+..)  ..00e (17). 
B =a.(sd+s'4'+..)+3.(sB +5'B'+..) 


A’=a'.(n4 4+ 24'+..) + 3B. (RB +RB'+..) 
B’ =a'.(sA+84'+..)4+3.(sB+SB +..) 


Hence, 
KFU= 


A, B.. Secale) 
? | 


— A, B.. 
DP 7 
A,B 


Or observing the equation (14), and writing 


A, B.. | = Jie ecese (20): 
AER 
iy Boo = IP “eéosoe (21). 
BRASs | 
This becomes 
HG RH BA! POUR BF oe (22). 
Whence likewise 
1740 MOF fal ROC EO Pa orace (23). 
Consider next the equation 
QFU =-— BOE Rabe, SO 48 Fi) ulemtresses (24). 
AE+Bynt+.., A pee 
alt ap By “bvelenty A’ Bs 
a 1 a rte (oi seeee (25). 
AB R Ss a@ A, B 
mr play 14. RB 
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= aAlk 45a )Ne veneen(20)s 
wo AB 
a’ A’ B' 


If the two sides of this equation are multiplied by the two sides of the equation (2), 
written under the form 


a eso etches, Wl SOS GS 5a (27) 
.ap 
.a B 
The second side is reduced to 
— JL . af+Bn.., aE + Bln... semen (28) 
@ K : 
a’ : kK 


ar. Gene 4. ee 


And hence 
PRU =a FL (KO YAO. Ssecee (30). 


And similarly 
RO = Shes (MOO ae Ost seckes (31). 
Also combining these with the equations (22), (23), 
QIFU FIU U 
KFU KIU KU 


It may be remarked here that if U, V are functions connected by the equation 
y y q 


“(GED 


FU=cFV, or TU=cAV. ...... (38). 
Then in general 
Uae we ke. (34). 
To prove this, observing that the first of the equations (33) may be written 
Us F(a. Fy. nites (35), 
we .have 
1 
CASI HORSE ROW NS CIS A =e ae (36), 
or 
JL .(KUY'-*. U = JL EK (G1. V)YH2. 1. sees (37). 
Or, if neither J, £ nor (KU) vanish, this equation is of the form 
ieike Vn tet (38). 


whence substituting in (33), 

ae Comer sees (39). 
which demonstrates the equation (34); and this equation might be proved in like manner from 
the second of the equations (33). If however, J=0, or £=0, the above proof fails, and if 
KU =0, the proof also fails, unless at the same line »=2. In all these cases probably, cer- 
tainly in the case of KU=0, n+ 2, the equation (34) is not a necessary consequence of (33) : 
In fact, FU, or ZU may be given, and yet U remain indeterminate. 
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Let Ua; B,-.. 4, B, &e.. be analogous. to U,.a, B..., A, B, &e... and consider 


the equation 


K. (KU, FU goKUOFU,) ~ sup.ve ts, (40). 
= | «wAt+gnda, «B+gB.. 
cA’+ gd’, «B+ ex B, 


Multiply the two sides by the two sides of the equation (2), the second side becomes, aftex 


reduction, 
Kk+gx-(4a+B B+-.), gk. (AJat+B/B+..)-- | eevee (41). 
ex. (Aa'+ BB+ 50) Kk + eK. (A/a'+ B/ PB +..-) | 
Multiplying by the two sides of the analogous equation 
kK = Gp Caer |||, de cdodaohonboc (42). 
[Sisor | 
| 5 
and reducing, the second side becomes 
kk,-(a, + ga), «k,-(8, +8f)-- | ae (43). 
kk,-(a/ + ga), «x,-(B/ +8) 
Eye et (Ue wale ce: | (44). 
whence 
K.(KU,.FU+gKUFU,) = (KU)"". (KU )"". K(U,+ gU). «0... (45). 
and_ similarly 
K.(KUW7U +g KUTU,) = COD PES CRO) ee lGol (OF sbveUOB. —Soa066 (46). 
In a similar manner is the following equation to be demonstrated, 
q.(KU,FU+ gKUFU,) =F (KUFTU+ gKUTU)= ...... (47). 


avt+aa.., Bata’. 
a€+By.. a, +ga ., B, eB 
at+Bn.. a +a , B/ +ef' 


= PUL CAI OS 


Suppose 


U=S(pE+on+...) (aa t+ a a's...) reese. (48). 
This expression being the abbreviation of 
U=(pE +on +..) (ae +a'a'+..)4+ wee. (49). 
(p,€é+o,n+--) (aa + aa’ +...) + 


+ 
[(7 —1) lines, or a smaller number]. 


KU. = Zap, Lac.. = Oe "acca (50), 
za’ p, Saori 


which follows from the equation (©). 


Conversely, whenever KU = 0, U is of the above form. 
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Also 
ior = | ae eS) ee es NY 2-22 (51), 
| RE + Sy Zap 4 Sac 
R'E +87 =a'p 5 Sac 
which may be transformed into 
FU = Agen gee!) Teeeenia’ 2... | [SE HIS pt Ee a es el? No.8 et: (52), 
p A C a é a’ 
p ’ o b b) b 
: : 


(for shortness, I omit the demonstration of this equation). 


And similarly, 


t= ROR Ges. 4 SH +S Mex 5 | aG+Bne., AE+B'9..; ee (53), 
Pp 5 o a ] a 
p F = b : bh! 


where it is obvious that if the sum © contain fewer than (2 —1) terms, FU=0, JU =0. 
The equations (52), (53) express the theorem, that whenever KU = 0, the functions FO, QU 
are each of them the product of two determinants. 


If next ib 
U,= 0+ U. 
Taking g=- 1, in the formule 
K.(K(U+U) FU - KUF (U+0)) = K.(K (U+U) TU - KUT (U+0)) ...... (56). 
= (KU)"'. (K(U+0))"-'. KU. 
Or observing the equation (50), 
K.(K(U+U) FU — KU. F(U+0)) = K.(K(U+U) TU — KUT (U+0)) =0....... 57. 
Hence F.(K(U+U) TU —- KUT (U+U)) = 7.(K(U+U) FU — KUF(U+U)) are each 
of them the product of two determinants. But this result admits of a further reduction. We have 
F.(K (U+U) TU — KUT (U+U)) = 7. (K(U+U) FU — KU. F(U+0)) ...... (68) 
= 550k (KU). (K (U+U))"-* av + a/ a’. ar Bx +P,@.. 
até + Bn..a,-a, B,-8B 
Sob was) «ath 


Substituting a,=a+ pa, &c. .. also observing that if the second line be multiplied by 2, 
the third by 2’,.. and the sum subtracted from the first line, the value of the determinant is 
not altered, and that the effect of this is simply to change a,, a/.. into a, a’.. in the first line, 
and introduce into the corner place a quantity + U, which in the expansion of the determinant 
is multiplied by zero. This may be written in the form 


= Re (CaS (FG (U.+.07))*-* aatae eo, Ba+Bw'.. fo adi. (59), 
aké + Bn Spa > woG 
a+ B'n =pa’ ai ee 


Vor. Vile Parr I. 1 FF 
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which may be reduced to 


JL: ROY (KGAA Rt ee oes (60), 
at@+tauv+.., Bat+Pa'+.. | Be + Bapies ae +a mie eee 
p A o | a ; a’ 


If each of these determinants were multiplied by the quantity (AU)"~', expressed under the 
two forms 
Ab, A: | eae (61). 


We Bes zien ae? 
A.B. | | Bae | 
5 : 


They would become respectively 
KU | v , a’ 


Ap+Bo , A'p + Ba 


OLE é 5 Hime we wlilcescee (62). 
ING AE I oe, THOPEE IEC? oe 


| 
So that finally 
F.(K(U+ U)@U=KU.7.(U+ U)) =7.(K(U+ 0) FU-KU.F(U + U)) = 
ie, (Et ao i: | O, Bs fees é ; ” PP rear.) 
; i KU | Ap+Ba.., A'p+Bo..; ue INES Toe ECESIETE oer 


The second side of which may be written under the forms 


(“Ss Dy AD+AG.. 5 BE+B'U.. ae: 
KU | A.(A4p+Bo..)+4'.(4'p+Bo..).., B.(Ap+ Bo..)+B.(A' p+ Bo..) .. 
RE+Sy.. > RE + Sn... gots ++» (64). 
R.(Aa+tAa@..)% S. (Ba++ Ba ..)..4 de -(Aa+ 4a) Soe ae) 
And 
(AG U)\* 2 | Re+R'e'.. 5 Sixt Sa’ : 
KU | R.(Ap+Bo..)+R.(A'p+Ro..)..,; S.(Ap+Bo..)+5".(4'p+Bo..) i % 
AE+Bn.. ; AE + B'n.. eek: | Ba | ((3453) ): 


|| Al) (Aace Ala.) (Bae aee)..a ele (Cha 0Aa. a) (Bact Bian.) al 


| | 


And again, by the equations (52) (53), in the new forms 


(AO Fz CAp + Bo--) (Ceisente He Ve OD SRB, Wega erie ea te 

[(4a+ 4'a’..) (ka +Wo'..) + (Ba+ Ba’..)(sx+sqa’..)..1t  ... (66), 
UCM OD oe 
(A) Tz.§{[(Ap+ Bo..) (RE +syn..) + (Ap + Bo..) (WE + 8'+..)..] x 


[(4a+ A4a’..) (aw+a'a’..) + (Ba+ Ba’..) (Br+ via’..)..]}.  ... (67). 


Comparing these latter forms with the two equivalent quantities forming the first side of (53), 
and observing (33), (34). It would appear at first sight that 
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K(U+U).4U - a q(U+0)= 


(eee U) 
SKU 


ia Se Bo..)(s& + 3n) + (4p 4+ Bo..) (VE + B'n..)..] x 
[(4a+Aa..) (nv + Wa’..) + (Ba+ Ba’..) (sr+s‘a'..)..]} 
MUU) FU —KU.E (+ 0) = 
— n=2 
(AS?) 2404p 1 Boe (ee + 89-5). + (Apc Bo...) @ EX Sn..) 4.2 | 
x[((Aa+A'a..) (art wa 3h) + (Bo HB ..) (Ba4 Bat. ):- 
which however are not true, except for 2=2, on account of the equation (57). In the case 
of m =2, these equations become 
K(U+U).TU-KU.T(U+U) = 
[((Ap + Bo..) (ak +3n..) + (Apt Boo..) (VE +3'..) ++.) x 
[(4a + A'a’..) (na + na ..)+(Ba+Ba'..)(sa+s'a’..)+-.)  -cove. (68), 
K(U+U) FU -KU.F(U+U)= 
[(4p+ Bo..) (RE +sn..)+ (Ap + Boo..) (WE +8'n-.)+--] x 
[(4a4+ A a’..) (act a'a’..)+(Ba+Ba..) (r+ Ba'+..)+..] «..-.. (69), 
and it is remarkable that these equations ((68), (69)) are true whatever be the value of (7), 
provided = contains a single term only. The demonstration of this theorem is somewhat tedious, 
but it may perhaps be as well to give it at full length. It is obvious that the equation (69) 
alone need be proved, (68) following immediately when this is done. 
I premise by noticing the following general property of determinants. The function 
a+Zpa, B+ oa, Bal Wo (70), 
a’ + + Zpa, B + Soa, 
| 


(where Spa = pa, + podz--- + ps4), contains no term whose dimension in the quantities a, a’... , 
or in the other quantities p, o..., is higher than s. (Of course if the order of the determi- 
nant be less than s or equal to it, this number becomes the limit of the dimension of any term 
in a, a’...or p, o..., and the theorem is useless). This is easily proved by means of a well 
known theorem, 

| Zpa, Zoa.. = 0) Sedus- (71), 


UJ UJ 
Zpa, Loa 


whenever (s) is less than the number expressing the order of the determinant. Hence in the 
formula (70), if = contain a single term only, the first side of the equation is linear inp, c..., 
and also in a, a@’..., i.e. it consists of a term independent of all these quantities, and a second 
term linear in the products pa, pa’... ca, ca’... This is therefore the form of K (U + UV)... 
Consider the several equations 
k= KU = dat+ BB +... scceee (72). 
=Ad+ BB+ + 


It is easy to deduce 
k,=K.(U+U) = KU + Apa + Boa + eeeeee (73). 
+ A'pa’ + Boa’ + 


L2 
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To find the values of 4, B, &c... Corresponding to U + U, we must write 


A= mw’B+N'y +  ooses- (74), 
4” ” ” 
=M’B+N y + 
where 
, / Q U . 
M = "> Oo | NG ON Casale | Ser rtectter » (7) 
ws Oe | Vi all 
M’= aH ys ye i ; x= One rile. / | 
ane weet NZis LA | 
y 3) ia wer ei 
| 


The order of each of these determinants being »—2, and the upper or lower signs being 
used according as m—1 is odd or even, i.e. as m is even or odd. Hence 


A= ALM GG FON ~~ faneas (76). 
Miso 2 Ning Ge a 
And _ therefore 
x4 —«A,= A?pa+ AB.ca+ AC.7T@+ aa eee (77). 


AA'pa'+ (AB'— km’)oa'+ (AC - cn')ra'+.. 
AA’ pa" + (AB —«m")ca" + (AC"- KN") ra" + 


The additional quantities C, + having been introduced for greater clearness. Now the 
equations 


AB -«M'= AB, AC’ -«N' = AC,.. 
ABl=xM" = A'B,) AC = EN (=-4' 0; 


written under the form 
(ABs ACB it) AOA Gai eee eee (79); 
AB" -— A” B=«M", AC”-A’C=«N” 


are particular cases of the equation (13), and are therefore identically true. Hence, substituting 
in (77), 
«A —KA,= A’pa+ ABoa+ ACra... + sco0de (KI) } 
AA'pa' + A’Boa + A Cra’... + 
f 
A" Apa’ + A" Boa’ + A’ Cra’... + 


=(pA+oB+...)(da+Aa+...). 

Forming in a similar manner, the combinations «,B—-«B,... «, A’ —«A/, «,B-—«B/,..., mul- 
tiplying by the products of the different quantities dw + d’a’..., Bu+ B’a’...,...RE+Sn+...; 
RE + S’y,... and adding so as to form the function K(U + U).FU-KU.F(U+U), we 
obtain the required formula, viz. that the value of this quantity is 

[(p4 +oB+..)(RE+sy+..) + (A'p SOY 2iGpan)) Caters ijn) sr os 1/6 — aueces (EN): 

[(Aa+ A’a’..) (avs a'e’..) + (Ba+ Ba’..) wa + Ba’ +...) +- J, 
with this theorem, I conclude the present section,—noticing only, as a problem worthy of in- 


vestigation, the discovery of the forms of the second sides of the equations (68), (69), in the 
case of > containing more than a single term. 
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§ II. On the notation and properties of certain functions resolvable into a series of deter- 
minants. 

Let the letters 

Tne tmooeuye  aeaeec |(1l)s 
represent a permutation of the numbers 
To tect Airy wits Sell?) 

‘Then if in the series (1), if one of the letters succeeds mediately or immediately a letter 
representing a higher number than its own, then for each line this happens there is said to be 
a “derangement” or “inversion” in the series (1). It is to be remarked that if any letter 
succeed (s) letters representing higher numbers, this is reckoned for the same number (s) of 
inversions. 

Suppose next the symbol 

Eisen hes, (3), 
denotes the sign + or —, according as the number of inversions in the series (1) is even 


or odd. 


This being premised, consider the symbol 


Api, o.--(%) ea (4), 
Po Tr: 
denoting the sum of all the different terms of the form 
+, +,..Ap,,5 Gs,9-»Ap,, Tees veceee (5). 
The letters 
PigeMacetiEsn (Sista cee Sys) Crcwnce. (6), 


denoting any permutations whatever, the same or different, of the series of numbers (2). The 
number of terms represented by the symbol (5) is evidently 


(CURE ces | Basece Ca): 
In some cases it will be necessary to leave a certain number of the vertical rows p, c.. 


unpermuted. This will be represented by writing the mark (+) immediately above the rows in 
question. So that for instance 


Tan 
A poy oie Ap, {CON Ronee (8). 
PRoK+ = RPK 
The number of rows with the (+) being (wv), denotes the sum of the 
Gee iets" Bane. (9), 


terms, of the form 
— eiapvers Ap,,; Ts, oes (he —i ee eee Ap,, Gs, eee On; Dy: a?) see ce (10). 
This is obvious, that if all the rows have the mark (+) the notation (8) denotes a single 


product only, and if the mank (+) be placed over all the rows but (1), the notation (8) be- 
longs to a determinant. It is obvious also that we may write 


tt 
Ap,.o,..0q,..(2)) = =u +o-- A po; ++ Ou, Po, --()] eases (11), 
PRK» Dy PER: 8, De, 


where = refers to the different permutations, 


VEY SUEgla os TES. HV sw ValeealOg ey CaCl caves Sones. »=. (12); 
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which can be formed out of the numbers (2). The equation (11) would still be true, if the 
mark (+) were placed over any number of the columns p, c.... 


Suppose in this equation a single column only is left without the mark (+) on the second 
side of the equation; the first side is then expressed as the sum of a number 


(1.2).....4)" ol, (on generally (G2 57-0) taaae ee. (13), 


of determinants, according as we consider the symbol (4) or the more general one (8). And 


this may be done in (m) or m—w different ways respectively. : 

It may be remarked, that the symbol (8) is the same in form as if a single column only 
had the mark (+) over it; the number (7) being at the same time reduced from (7) to (m — w + 1). 
For, the marked columns of symbols may be replaced by a single marked column of new symbols. 
Hence, without loss of generality, the theorems which follow may be stated with reference to a single 
marked column only. 


Suppose the letters 


Pls P2ee+ PRI Tis Toe0- OR3 rf ed Roe (14) 
denote certain permutations of 
Ay, Ag... Ans Bi, Boecwees Roe. Fit. ceate (15), 
in such a manner that 
Pi = 45 P2= 4g ++ Pe= Ag 5 1 = By.» o2 = Bys+- ox = By, HS goodac (16). 
Then the two following theorems may be proved: 
t t 
eS = Ragin pce bie akeae (an: 
PROK a; Bx 
If (m) be even, but in the contrary case 
“bie t 
eel ce Hl BE lars (18). 
PKOTR ay Bx 


By means of these, and the equation (11), a fundamental property of the symbol (3) may 
be demonstrated. We have 


ome | = EE ove, 4 Woes (19), 
a; By pre 


which when (7) is even, reduced itself by (17) to 
i ee Resiee sl ea ae (20) 
Bi anBr 
bes hoe 
an 


But when (7) is odd, from the equation (18), 
if 
= eee Peneee (21). 
an ays By 


Since the number of negative and positive values of +, are equal. 


i} 


I 
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From the equation (20), it follows that when () is even, the values of a symbol of the 
form 


7 
cals (n)] tps (22), 
a, Py 


is the same, over whichever of the columns a, 8.. the mark (+) is placed. To denote this 
indifference, the preceding quantity is better represented by 


[4a, Bind. sects (23), 
| a, Px 


this last form being never employed when (x) is odd, in which case the same property does 
not hold. Hence also an ordinary determinant is represented by 


+ + 
fa A C 1 1| oes (24), 
pa Gin a 


the latter form being obviously equally general with the former one. 

It is obvious from the equations (17), (18), that the expression (22) vanishes, in the case 
of (m) even whenever any two of the symbols (a) are equivalent, or any two of the symbols 
(B), &e:; but if (m) be odd, this property holds for the symbols (8), &c., but not for the 
marked ones (a). In fact, the interchange of the two equal symbols, in each case, changes 
the sign of the expression (22), but they evidently leave it unaltered, i.e. the quantity in 
question must be zero. 

Consider now the symbol 


; 
AT ieee ee eo. (25), 
keke 
which, for shortness, may be denoted by 
; 
PAahenh wae (26). 
I proceed to prove a theorem, which may be expressed as follows : 
t t 
{A.k.2pt.§{B.k.2q} = {AB]k.2p+2q-2} 0.0. (27); 
where 
Be ee, =. pI ae soreee (28). 


The number of the symbols 7,8... being obviously 2p—1, and that of w,y...2q—-1. The 
summatory sign S' refers to 7, and denotes the sum of several terms corresponding to values of 
1 from 7=1 to l=k, Also the theorem would be equally true if 7 had been placed in any 
position whatever in the series r,s ...2; and again, in any position whatever in the series x, y... J, 
instead of at the end of each of these. With a very slight modification this may be made to 
suit the case of an odd number instead of one of the numbers 2p, 2q; (in fact, it is only to 
place the mark (+) in §4B}..} over the column corresponding to the marked column in }4..{, 
{4..} being the one for which the number is odd), but it is inapplicable where the two numbers 
are odd. Consider the second side of (27). This may be expanded in the form 


Bic 2 ee ABI, AB) 0 ee eee eC) 


Be TY * 2. 8g++TgVg-- 
where = refers to the different quantities s,.., v, y,.. as in (11). 
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Substituting from (28), this becomes 


2. Si, OO Si, - : (+ +... O +, +, 7 bre! ip O10 Ae Bg ten ae Diet ipl) CROCOO (30). 
Effecting the summation with respect to 2, y.. this becomes 
Tt 
DiS. Spee Spon Aan tae sey. he al a Pe, (31), 
kk.. i, 


>= now referring to s,...only. The quantity under the sign = vanishes if any two of the 
quantities 7 are equal, and in the contrary case, we have 


t if 
eal aes alee (82), 


pel 
which reduces the above to 


: 
(Bebiagl 2+ = g =A ee ee (s3), 


= referring to the quantities s..., and also to the quantities 7. And this is evidently equivalent 
to 


ine eps Bulag? pees (34), 


the theorem to be proved. It is obvious that when p=1, g=1, the equation (27), coincides 
with the theorem (©), quoted in the introduction to this paper. 


VIII. On Small Finite Oscillations. By the Rev. H. Houpircu, Fellow of Caius 
College, and of the Cambridge Philosophical Society. 


[Read May 15, 1843.] 


Tue system of bodies here considered is supposed to be such, that their position, and the forces 
acting upon them in that position, depend upon a single variable; and the object is to find general 
expressions, which may be applied to any particular case, without performing any integration, for 
the length of the isochronous pendulum and the time of oscillation, rocking or sliding, when the 
body or system of bodies is slightly disturbed from its position of equilibrium, the approximation 
including the square of the variation of the independent variable. 

By the principle of vis viva, 

mv? + m,v2 +... =2m [Pdp + am, [P,dp, + ... 
Let w be the independent variable, and a its value when the system is in equilibrium, and a + x its 
value at the end of the time ¢; also let 8 be the value of x at the beginning of the motion, when 
the system is disturbed and left to the action of the forces upon it. 


Pd E 
Let eae = f(u) =f(a+ sz), 
Pid 
“TP 2 ob (u) = pa +2), 
mPdp+m,P,dp,+... 
Ce ee 
and L qa (1), 
. U,=mf (a)+m op (a) +... 
U, = mf, (a) + m, dp (a) +... 
U, = mf, (a) + m, p.(a) + «.. 
and mPdp + m,P,dp, +... = (a+ U,z + U.— ~ ae ee 


but, when the system is in equilibrium, w = a and U, =0, or mf(a) +m, @(a) + ... = 0, which 
determines its position when at rest, and as dw = dx, the integration of (2) will give 


#- 8 # — 2 x — 8 


m f Pdp +m, [P,dp, + ... = U,. . Us cee Use 
: ds 
Again, let Fae WV (@) = W (a +8), 
ds, 
qu 6M) =E (a +2); 
2 2 
and V= 1 Coty aL ke menisantctisstiveceacasivcaens. 1(S)5 


du® 
Vor. VIII. Parr I. M 
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32 
. mds? + mds; +... = (v% + Viz + Ve-—+ ..) de 
v\ dx a 8 pe Ie: 
and (v4 V,.2+ V,.—\ 5 = UB) + U2. 3 + U3. 3.4 + scsceeeee (4). 


= 5 c dx* : S r z 
For a first approximation, Vy. re U, . (x — 2’), from which it appears that ee vanishes when 


: Pp d 
z= +3, and since s= | W (udu = R (wu) = R(a + B) = R, (a) + R, (a). B, a vanishes, when 


s = R,(a) = R, (a). which shews that each body of the system vibrates to an equal distance on 
each side of its position of equilibrium. 


The time of oscillation = 7 Jae Sorc we a SS = = : 


2 2 
And L the length of the pendulum = - g. my (a)’ +m & (a)’ + «- 
m fi (a) + m dy (aye .c.. 
z : be gdy 
In the case of gravity, Pdp = —gdy, and f(u) = - 


du 


2 


and «. L= LES a mide ates shee eS ain ee oeiele'einie ctoeietnrctere( OD) 
md*y + m,d°y, + ... Z 
the position of equilibrium being determined from mdy + m,dy, +... = 0. 


If the body be rigid, and XY, Y the co-ordinates of its centre of gravity, and Mk* the moment 
of inertia about the centre, and @ the angle of rotation be made the independent variable; then 
ds ds; 
m— + Mm, —, + oe 
de ag * 


ll 


dX*4d¥? 
‘Mie ee 
Z de 


E dX* 
Mk* + M 6 5 


dxX* 

de 

ys hg ak chet Rane ee eae ae (6). 
d& 


i + 
and a5 = 


A ‘ : . mds? + mds. +... 
When a rigid body oscillates about a point of suspension, the expression . 

md’y + m,d°y, + 
me +m,o; + 


becomes L = —— *** the point of suspension being made the origin. .........++-+++ ( 
(m+m,+...) ¥ 


7)- 
The equation (4) for the purpose of integration may be more conveniently put under the form 
dz 


dP (p+ qztre') =a. (8 -#) +b. (8 -#) +e-(B'-#') 


= (8B -32). §(a + bx + ex° + cf’) - (x + B) + OPS- 
Assume (a + bz + c2* + eB"). (@ + B) + DB? = (a+ be4+ ex? +c") .(e + B+ 6B? + eB’z), 
o. (a + bz + ex? + eB). (0+ ez) =5, 
or, a6 + box + aex = b, omitting the squares of and z; 
- ao=6, and bd + ae=0, 
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b b° 


Q 
or, d=-, and e=-—-—; 
a 


8 


and therefore (a + bz + cz* + cB’). (7 + B+— -B == = Bra), 


or agi tociscks 2 Bala Co 200) 


differs only from the factor (a + bz + cx* + cf*).(z + B) +5" by quantities of the fourth de- 
gree of 8 and zx: or 


Ge (p +94 rat) =G-2).(1+28).{B4e.(1- 2. p)\. (a+ bz + cx + cf) 


is true to the fourth order of those quantities; and the limits of the oscillation of the system are, 


s =, and LOS oy or — +. 
b 
Me =e: 


Again, as B=y+. (1-28) } 
B+s. (1-7-8) =(y+%.(1-2.p), and 
= = (p + qx trex’) = (B- )-(y +s). (1-5-6) (a+ be + 8° +08), 


and if a+cB =a 
dx 1 af Page tre 


~ JS (B=2)-(y z).(y + toast) le BP fa a+ bz + cx 


The position of equilibrium must be a stable one, and therefore [mPdp 7 |m,P,dp, + owe 
P 


a maximum, or U, is negative, and .. a = a+ c* = — U, + cf is positive, and .*. also - 
is positive. 
Expanding therefore the last term of the above expression, 
NE P 
d b b 3b 
: ee ee ee 
a (G2). (y +2) Ny RS ce 2p 2a 2p 8p 2a. 4pa_ 8a) J 
to be integrated between z= 8 a x =-—vry, excluding the powers of 8 above the second, 
3". ds 
For this purpose, taking ———————_,_ let ,/ (B -— 8). (y+) =(B-=2).2, 
Vv (B - #)- (7 +8) 
va 2da 
ole be a and io. ie CoE =i 
1+a@ V(B—2)-(y +3) 1+@ 
sds _ (B2* —y)".2de  2dex (8 a 
VG —x). (y+ x) (Lattin 2 bat 1+2 


M2 


92 Mr. HOLDITCH, ON SMALL FINITE OSCILLATIONS. 


ada |B n. Br. aa ao A ee fee 


“1+a@ “G+ a) 


the other terms vanishing as m is not greater than 2. 
The limits of x being 8 and —-y, those of w are o& and 0, and 


da 2n —8).(2n —5)...3.1 
[— between these limits = onl Sak ) oe 
(1 + a*)” (2n —2).(2n—4)...4.2 2 


= ly! he SAS SO my (Bia ay en ete a Wh es pais 
l geo {8 Be eae tae -B (B+) H 


= — 1. {pt— nB.B+ —.B)+n.2—) spy 


Hence 


Fas G+e) 
—— 
CG. 0S 2a 


Be yces #). anys 


T = 2 
a Seeest en si ( ail ae oe na aus | 
/ b2/32 l 2 \2p 8p" 2a 4pa 8a" 2pa MEY 
fe 


D ime 8 2 3qb «158° 
aN ee + a2 
4. Pp a 4p” 2pa 4a” i 


or, restoring the quantities U and V, and their differential coefficients, 


_ 


where OS ames Ge ae 6) UF 
= BVo Pec mercer sere ee ree SOs eee ses sessesensvorveseesces (10), 


where LZ and ¢# are expressed by quantities and their differentials. 


The times of descent to the position of equilibrium and of ascent from it, will be found 


by the integration of equation (8) between the limits, x = (3,0), and »=(0, —-y); but as the 


first powers of the are will appear, it will be sufficient to integrate 
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dz 


Faas Vee Eo} 


t= /2.{(2 ey Be —stante+ Cl. 


-dt= 


ars 


p a) 1+¢@ 
Time of descent = /2{(8 = -) = — 2 tan™! /2 3: a 
Se anc ascent = 2. fo tan7! J - (2-2) Al, 
but tan7? /x = tan-* i +* p= “+ = 
-. time of descent = 2. fe. (4-2) ph caseve secs oSers (11); 
seaaeahes ascent = /? fe = & - *) Bl Raenwemeeve cored (12): 


Excess of time of ascent over the time of descent, or 
: wf 2b 2) ras V, (: U; rn) 
= {Seed (ie oe ge ae ——).£.......... (13), 
pe V/2.(>-1).6-/ —7-(ga-7,) (1s) 


which is remarkable as not involving 7. 


i 6 ihe bv 
The excess of the arc or angle of ascent =~ —-B=-. f° = 30." | Sphere (14). 
a 3U, 

These results are on the supposition that the displacement of the system was by an increase 
of the independent variable; in the opposite case, the odd differential coefficients of V and the 
even ones of U must have their signs changed. 

Example. Two bodies m and m,, moving in a circle and connected by a rod subtending 
an angle 4a at the centre are acted upon by a repulsive force in the circumference, varying as 
the n‘ power of the distance. 

Let 20 be the angle at the centre between the radii passing through § the centre of force 
and m, .. 20 +4-20,=4a, 

° 7 P=k.(2asin6)", and p=2asin0; 
Pdp + P,dp, U0 
SS SS SSS ee) 
dé ‘ hk .(@a)s 
mds + m,ds- 

V = ——_._ = 4a°(m +m). 
de ( ) 

If the bodies are equal, V =8 ma’, 


BOE 


=m sin"@ cos@ — m, sin" @, cos 0,, 


U, = 8ma’k.(2asina)"~!. (m cos’ a — sin’ a), 


g 
and L= = == 3 
k.(2asina)"~'. (sin?a — n cos’ a)’ 


eed tam 7 Ef 2 [ty OSD, ese I}. 


256 sin? a nm cos? a — sin? a 


where Aa is the whole angle of oscillation. 


—————— 
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When the body is rigid, the general expressions may be put under more convenient forms: for 
if the differential coefficients be taken with respect to the angle of rotation round the centre of 
eravity, X and Y being its co-ordinates, and Mk? the moment of inertia round the centre, 

V = Mik? + M(X}+ 1%), 
V,=2M(X,X,+ VY,Y.), 
V, = 2M (X?2 + X,X3+ V2 + Yi¥s). 
And U =— MY,, 
U, = — MY,, 


Uk = MW; 
Us = MY; 
Vi,=M(k+ a); V, =2MX,X,, and V, = 2M (X2+ XX; + ey 
Mee aa “igo AIS Nes NRE oe eee (15), 
Ne XX Yee ee ae 
7 AED. OMe A eG x) 
ia Piipat) pe aftarere (16). 


~4Y,(@ +X) 48 ¥? 
2 
In the case of a particle, L = = 


2 


> 


and eS gg a aa Ce hal seamen @i): 
aX, “AX? 16Y, “4G Ys e4ssinye 
Example. A rod oscillates upon two planes, inclined at the angles a and a, to the 
the centre of gravity being at the distances a and a, from the extremities of the rod. 
Here X = A sin @ + B cos 0, 5 
Y = Msin@ + N cosO, 
where @ is the inclination of the rod to the horizon, and 


horizon ; 


CAEN SOE CU a ce Oy Ga 
sin (a =f a) 4 a sin (a + a) Z 
Me a cosa sinle: — a, sina cos a, fe ota (a 2 Te sin ay 
sin (a + a) sin (a + a) 
. Y¥,=Mcos@—WN sin8=0, 
M N 


0. = | and.cos|0.= — 

/ M? +N?” / M? + N? 

Let Ne (a+a,). (a sin’a, + a sin’a) 
sin® (a + a) 


OGG) Q, 


eid AAESCBNS (a+4a,)- (a sin 2a, — a sin 2a) 2 


5 IP; 
2 sin’ (a + a) : 


then X, = 


i 
i 
ll 
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ee ey 
and T=7 Vz.fi + B. eens - 16 eae 


If the planes include a right angle, and the centre of gravity be in the middle of the rod, 


Piet 


a 
rE B 
ren SE. (142) 
S g cs 16) ” 
both of which are independent of the inclination of the planes to the horizon. 


If a particle move in a curve, by a constant force (g), making a given angle @ with the 
axis of 2; then, 


dp cos dw + sin dy : ds 
U= —_ = a = E. _ — 
Se du em te — 8) du’ 
ds* 
Cae 


where @ is the angle made by the normal with the axis of w; and making this the variable, 
V = R*, where R is the radius of curvature ; 
V,=2RR,, 
V,=2Ri+2RR,, 
U=g.sin(¢ — 0). R, 
U, =-gcos(p — 0). R+g.sin(p —- 0). RK, 
U,=-—g.sin(p — 0). R - 2g cos (fp — 0). R, + g.sin(p — 4). R:, 
U; = g cos (p — 0). R — 3g sin(p — 0). R, — 3g cos (p — 0). R, + g.sin (p — 0). RK; 
In the position of equilibrium U=0, or @-6=0; 
. U, =—-eR, 
Uz, = - 2gR,, 
U,=-gR - 3gR.. 


V 
Hence L = = R, and 


ae 1 
R MLN By OR ; 
T=7 SE Lis ae. (5+ - 3) aboeucsecs (is). 
9 
Excess of time of ascent = — 2-40 
3V/ eR 
2R,. AP 
Excess of angle of ascent = a - 
If the are be made the independent variable, 
Jt ea 1 Ge )| 
= — é - |= —$—$—=_  —_——— FJ Prcevcceees 19). 
as =a ee <= 16R  48R° (19) 
2R,.A 
Excess of time = - : eP" 
3\/eR 
SG JANE 


Excess of are = 
3R 
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This last result compared with the former, shews that an increase of the angle of vibration is 
attended with a diminution of the arc, and vice versa. 

b° 
a(i —e’ sing)!” 


2 
R, = ——.sin@.cos@. (1 —e’sin®6)-?, 


Example. In an ellipse, R = 


R, =- . (1 — é sin? 0) -=. (cos? 0 + e sin‘ @ — sin’ @ + 4e° sin’ @ . cos’ @), 


a 


and by substituting these values in (18), 


tent {i+ — .[+-s.(2)"]}. 


If the ellipse become a circle, R* = ab, 


nnd ran JE. (1+ =): 


If the axis of a cycloid be inclined at @ to the vertical, 


R= 2acos0, 
R, = — 2asin8@, 
R, = — 2acos@. 


L = 2acos@, 


RT SREY 2 2 
os nf sees 8 (: E: A@. tan *). 


12 


2 
Increase of angle of ascent = — 5: tan@. A@. 


The time of oscillation in a cycloid therefore decreases, as the arc increases, when the axis is not 
vertical. 

If a central force kf(6), varying according to any law act on a particle in a given curve, 
the co-ordinates of the centre of force being a, (3; then, taking the arc for the independent variable, 


U=kf(d). at ple Le, 


Let 3 =z, and LO _ 9); 


. U =k. (s).%,=0, at the position of equilibrium, 
U, =k. (2). %2, 
U, =k. (2) -%s, 
= 8k,(s).23 + kp(s)-%4:; 
but x =(«-a)’?+(y- B); 


dx dy : 
*, #,=2.(e@-a). ast 2: (y - f). aa and if @ be the angle made by the normal with the axis 


ay : dy 
aa sin @ and ae = cos@; 


#,=2.(w~-—a.sinO + 2. (y — B).cos8, 


of @, 
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=242. {(@—a).cos@~ (y~).sind)} 


=2+42.$(w-a).cos@—- (y —f).sin0}.R-’, 
% = —2.}(w-a).sin@+ (y— ).cos0{. R-? —2. {(w—a).cos@ —(y — B).sin@).R-*. R,, 
#,=—-2R*-2.§$(w-a).cos0 — (y — B).sin®} . (R-°+ R-*. R, — 2R-*R}) 
omitting the terms which vanish; but since U =0, (y — 3). cos@ + (w—a).sin@=0, 
and therefore (« — a).cos@ — (y — 3).sin9 = — 6. 


Sy é 
H Be eg gis 
ence > 1 R? 
3 R, 
aa 
s, O-R 38.(RR,-2R') 
2 R 
2 
Also V=— =1, and V,=V,=0; 
Sd BS BL nds ae waves. aval (20) 


-U, kf®).@-R) 


Sarg As ye 8 ios ©) fp 


16 3%, & 


: 1 SR,  #3.(6R—3) 3.(8-R) f(0) ; 
or T'= JE. ee 7 a et 3(R3 — Ry + zs . d;.log 5 ee CAWE 


If the force vary as the distance, d;.log —— ay = 0, and the force does not affect the cor- 


rection of the expression for the time. 


9 $ As 
The excess of the time of ascent = — eee eee et ee 
3 (8- RP. SKRf() 
= oR, As 
oc ae ee tae Sy ys 
28-—3R A@é 
wee ccc ves ceecesvccscscce angle weeeee a Rik me. oR. —— 


If the force be constant and act in parallel lines, § is infinite, and f(8) constant, and formula 
(21) becomes the same as (19). 

(1). To find the time of oscillation of a particle in the centre 
of a hollow sphere, the force varying as the n™ power of the dis- 
tance, and the density being = 4.7”. 

Let QOR=h and QCP = @; then the volume of a particle 
at Q=r'drsin@.d@.dq@, and its force on the particle at P, 
where CP=2 and QP=p, is 


ar *dr.sin@.dd.dg@.p"; y 


d 
SS ae n.m*dr.sind.d0.dp.p" >" =k 
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=p.r"*?dr.sin@.d@.dp.p"'. («— 7. cos@) +... since p* = 1? + a — 2ra cos8. 
Let k=pr"**dr.sin 0d0.dqg; 
-- U=kp"’.(# —cos6) + ... 
U,=k.(n—-1).p"*.(@— 7. cos 0)? + kp"! +... 
=n.r"*"*"dr sin @.d0.dq@ }(n — 1) .cos’?6+4+1}, when # =0; 
which, being integrated from 6=0 to 0=7; from P=0 to P=27, and from r= 7, to r= 1p, 
we have finally 


Us 4um.(m + 2) 


= F pasha m+n+2 
3. (m+n +2) ( )> 


2 r 


7 : Q 
and 3a. (m stil ) se 
VALOR 4u.(m+2).(77 —7, ) 
or if M be the mass of the hollow sphere, 
7 ae </- 8. (m+n+2). (rz? — 1?*) 
(@ + 2) 1@e4i8) MGs ar) 


. 


; f 7 
If the force varies as the distance, 7’ = ——. 

/M 
If the force varies inversely as the square, 7’ is infinite. 


m+n+2 m+n+2 
2 


oy Te 
SII 
m+n+2 vr 


/ 3. (m ~ 1). log 3 


And if m+3=0, T=7 Oe 
- 1A ATS n 2 


(2). To find the correction for the time of oscillation, we have 
U,=k.(m—1).(m—38). (mn —5).p"-".(w—1.cos 6)! + 6h. (m — 1). (nm —8).p"->. (w — r cos 0)” 
+ 3k.(m—-1).p"-3, 


If m+n+2=0, - 


or, making w= 0, there results for the attracting particle 
U; =p. (m—1).r"*""'dr.sin9.d0.dq@[(m — 3). (m — 5). cos'@ + 6. (nm — 8) . cos’ @ + 3], 


m.(m —1).(m +2) i 


which, integrated between @ = (0, 7), is 2u. 


n+—-lded@, 


and again between @ = (0, 27) and r=(7,, 7) is for the hollow sphere 
4u.m.n.(m —1).(n + 2) 
5.(m+n) a 


Dan af Stns). Gta) 


y 
U; = 


nt+n pl tn 
aa ee) 


(n i 2) ; (m +8) .M.(r? +n+2 as t 


If the sphere be solid and density uniform, and the force inversely as the square of the dis- 


" M+nt2 _ min+2 


33° n.(n—1).(m4+n+2) ee = rire 
80° m+n " rn ‘ 


3 
ance, 7’ = ay 
Ap 
If r equal forces 2k6.@(s*), be placed in the angles of a regular polygon, the time of oscilla- 
on of a particle at the centre will be found to be 
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: 2 f= 18 Shes eanests.)) 

V/—2kr. $h(a) + bie). a} 16 * pla’) + a’, (a°) ; 
and as kr is the whole quantity of attracting matter, the time is the same while Ar is, and 
therefore if the matter be in the form of a ring, the above is still the time of oscillation. 


n—1 


If the force = k. 6", then (ce) = 8 


, and 


T= 


seem fo 


On Rocking Bodies. 


In the position of equilibrium, the centre G of the rocking 
body, will, be in the same vertical line as the point of support ; * ty 
that is, when 4 is at A,, AG will be vertical. ai \ 


Let AG=a, AN=y, NP=a, \ 
AN, =%; INP = 2. 
and PO being a common normal, 
let A4OP = 0, and 4,0,P = 0,; 
then @ the angle rocked through = @ — 0; 
and if X, Y be the co-ordinates of G, measured from 4,, 


X=a,-x.cosp + (a—y).sing (22) 
Y=y,+.sing +(a—-y).cosd Paes 
; dy dx 
also, ing=—, cos => and ds = ds,; = 
_dX dx, dz : dy . 
: eee ay eT Oe ay ee Bey) 008 . 


= reer ares ce een ee — sin 8 sing . — + (a - y).cos 


=ax.sing + (a—y).cosd, 
wy; aes dx 


— = — . sin + xv.cos @ — — .cos@ — (a — y). sin 
. d : d d ds 2 
= sin eer ae ere eae © 00 Ore —(a-y).sing 


= xcosdh — (a—y).sin gd; 


dX 
or aa Y- | 
? wees (28). 
dY 
—_ = 2%,- DG 
do 
To find X, Y and their differential coefficients with respect to @; we have, from (22) 
X =0, 
a, 
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From (23), X,; = Y=a, 


Y, ake 
Siew ee we. 
2 1 do dp b) 
da da 
Yea asta 8 
d*y, dz, d’y, 
YG 2 dg dp = dp > 
y dx, ” da, dy, 
* dd’ “ d¢® dp’ 
y d* x, _ aa, da, 5 y; 
BCLS Me ec hoy Mais d¢*’ 
and it will be necessary to express = ae &c. in terms derivable from the separate curves ; 
let R and +r be their radii of curvature at P; 
S; ds 
: oe oe and eer 
d’s d’s 
let R, = de’ T qe” &e. 
d 
then —~ = sin 0, a : 
dy, dé, ds, 8 
agi = cos 0, dg do 0, dg’ 
di 4 d 
cae cos @,. zs ; 
dp dp 
da, 6, ds, *8, 
dg s 0, dp dp” 0; d@ > 
2 2 d d? 
yO cos 0, . isle in 6, a8, eid, oy ten “1s cos 0, a 
dg dg’ dp dd’ dp dp dg’ dg 
Now dg =dé - dé, = dé dé 
dé 2 R 
dp Re 
dé, ees. 
dd R=. 
ds ds dé Rr 
Then dp 40’ dp R-r 
dr dR dr dé bi dR dO, 


ped Lada & is ra genset = 
ds Bag ape. 12 denapiam ead 


ig = Gan 9 (RTP 
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Rr, — PR, 
(Cr i 
dé dé, d0, dé 
3 ens 3 af SAL 
es Hag pith diy a eeon R dg dg 
age (R-7y CS 
dé, dé 
(R°.r, — 7° R,). (2 eee =) 
cea 1 1 1 dp 1 do 
(R - r)' 
_ Rr, — 1 Re (R?r, — 7? R,)? 
— (R-7)! " (R=-9r) 


If then, a be the angle, the common normal makes with the vertical in the position of equili- 
brium ; since s = 5,, there results, 


dy, A Ro 
—— = sina = 
do R-r 
ays cos ans + sin ial 2s 
ip | @=ni ot es) 
da, _ a Rr 
dp i 9 R-r 
ad’ 2, = R ‘ Sr, — 2° R, 
= 5 ee co — 
dq Cente ri thy 
Bx, o~ Rr se Pe R’r, — rR, aig i R'r,-— FR, 
— ® z n = 
dg SATEEN aca a C25 VEN aie Nee 
nae Rin=-" Rs, (Rr, — 7° R,) 
co ° 
“(R= 2) (R= ay 
which values being substituted above, we have finally 
X,=a, X,=-—sina. — 
Y,=0, Y, =cosa—— —-a, 
R-2 Rr, —R 
AX, =cosa Rr wae a sina 
R-2 Rr, -—7R 
Y,=sina.Rr R- yer a. KE ae = 
R R-2 
Y,=a-cosa. - + Rr cosa R- = +sina ik ae 
3r.sin Rar Kits cos Pmt hs + 3 cos a ey: 
° AG. _——— Sera aed 
: Rates) a ene + “@ary 
ene 
Length of pendulum = —~ _spbepaeiesnanneBcdacee (24), 
cosa —@ 
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and J = 7 wie .(1+ C.A¢’), where C is to be determined by the substitution of X, Y, &e. 
& 


in (16). 
If the pendulum be suspended by a point, r and its differential coefficients vanish, and 
1 
XK, = - X,=-Y,= Va =a, and « C= 16° 


Ie ' 
L=a+-—, measuring a downwards, and 


a 
VE, 2 

ee eS a 
g 16 


1 Rr’ .(R -2r) Rr, —7' R, 
Ifa=0, C=—- - - 500, (2453) = 
os : 16 16(R-r)?.{Rr—-(R-r).a} 16(R-7r)*. {Rr-(R-71). ah (25) 
= 8 (Fr — 7h)? R’r.(r-a@) 5 (R?r, — 7° R,)? 


16(R — r)*. {Rr —- (R-1).a} +a(R-n?. (+a) * 48‘ (R—1)'. {Rr—-(R—7). ah? 


If R and * be constant, or the curves be circles, 


C= R’r.(% — acos a) 1 cosa. (27 R-7rR) cs a sin’ a Ber? 
~ 4(R =r). (¥ + a’) © 76)" Hi6 (R-71)’?.{Rreosa-(R-r).at 4(R-71)?.(k +a’)? 
asin’ a. Rr’. (R - 27) 5 sin? a. (R?r — 27° R)? 


5 
i‘ 4(R—r).{Rreosa—(R—r).a}. (kK 4 a’) a 48° (Rr)! . {cosa. Rr -~(R-r).ap?"™ Ey 
If R and r be constant, and also a =0; 
1 Rr. (r -a) Rr’. (27 — R) 
-16 *4(R-n). (+a) 16(R-1). {Rr —(R-7).ah 


Ex. One sphere within another, 


Dp =e (R=) 
o 
L (i 
ney eee 
tN BA Scena 
Ex. If an ellipse whose semiaxis a is horizontal rock within another ellipse whose semiaxis 
a, 1s also horizontal, 
a (kK? +B). (ab — a*b,) 
aa, — ab? + a°bb, ~ 


2 p2 2 4 2 
ab a Bate 
And » == —33 Nn => r 034%: = — —— > 
9 eeeRci0 5 2 
(1? + a’e? sin® 0)#” aa he: is 
A 4 2 4,2 2 2 
: a aye 1 a’a,bb,. (a, -@) 


Cans gh 2 oy Aa eee 
4 (a,b — a*b,)° . (hk? + 6) tig 16(a;b — a°b,)’. (ba, — a°bb, — a? a; 
Sasa; a‘ eth, — aie’b 
16° (ab — a®b,)°. (GiB — a®bb, — aay) 


If the bow] becomes a plane, 
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paw JE fecag. (pe eee Sh. 


40°. FEE. 16 B 
If a body be suspended by an axis whose radius is r on a circular support, whose radius is R ; 
and a, be the distance of the centre of gravity below the point of support, 


lie fe 
Es Rr P 


cosa. +a 


and, if the pendulum be suspended on another axis, the radius of which is r,, and be isochro- 
nous with respect to these axes; 


L a, -a@ 
6G ——————————————— 
o vr; Rr 2 
coOS a — cosa + @, —@ 
R-*?, R 
a fo 
and if the axes are equal, L = =a+a, 
a,-a 
Rr cos a 
and k= (a + a,) .————_ + aa, 


j= 
and therefore if Kater’s pendulum be gave on a concave or convex surface, the length is 


independent of the curvature of the surface. 


Rr : 
If 4 = ———, and it rests on the first axis, 
R —7 


pant. f ee (ex A? .(r +a) pale see ele) 


16 4rL.(A +a) 16r.(4+ a) 


which is not independent “ a, unless R is infinite, and therefore 4 = r, in which case, 


rons e (igtaz)}: 


On Sliding Bodies. 
When a body oscillates by sliding contact on a horizontal plane, X and its differential 
coefficients vanish, and by (15), 
k 
yao 


JE. yo © 'y, 5 ¥? 
IME g fisag. (G-aEta rh 


The equation (2) becomes Y = wsin @ + (a — y).cos@, since =0, and y,=0, and... p=6: 


L= 


. Y, =@.cos@ -(a—y).sind +siné. os e0s sé. 3 


x. cos @ — (a —y).sin 8, 
Y, = — wsin@ — (a—y).cos@+ cosé. of + sin. as, 


d 
=-VY+—=-Y+4r; 
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1 Yg=— VY +h 


Y,= — Yn+ 723 
and taking the limits, Y= a, 

0; 

V5 = =a 

Yn =o. 


Y,=a-1r+%, 


2 2 
| ot Bey pees (2 eee ay il 
ee @ ION rami ae Teale Te a 


& J 
Example. An ellipse with its axis major horizontal. 
H a’ b? a 3ae@? 
ere 1 = — = = - Ht 
(b° + a@e’sin?. 0) 6b 26° 
2 
= Py) i + %y sat. ales 3 

kb 
0 = 

ae 


4,3 2 be 
and Fe ead a Aisne. (3 3a’ + )\ 
& 


4h? b? + 6B? 


The same principles may also be applied, with great facility, to the oscillations of floating bodies. 


H. HOLDITCH. 


IX. On some Cases of Fluid Motion. By G. G. Stoxrs, B.A, Fellow of 
Pembroke College. 


[Read May 29, 1843.] 


Tue equations of Hydrostatics are founded on the principles that the mutual action of two adja- 
cent elements of a fluid is normal to the surface which separates them, and that the pressure is equal 
in all directions. ‘The latter of these is a necessary consequence of the former, as has been shewn 
by Mr. Airy*. An exactly similar proof may be employed in Hydrodynamics, by which it may 
be shewn that, if the mutual action of two adjacent elements of a fluid in motion is normal to their 
common surface, the pressure must be equal in all directions, in order that the accelerating force 
which acts on the centre of gravity of an element may not become infinite, when we suppose the 
dimensions of the element indefinitely diminished. In Hydrostatics, the accurate agreement of the 
results of our calculations with experiments, (those phenomena which depend on capillary attraction 
being excepted), fully justifies our fundamental assumption. The same assumption is made in 
Hydrodynamics, and from it are deduced the fundamental equations of fluid motion. But the 
verification of our fundamental law in the case of a fluid at rest, does not at all prove it to be 
true in the case of a fluid in motion, except in the very limited case of a fluid moving as if it were 
solid. Thus, oil is sufficiently fluid to obey the laws of fluid equilibrium, (at least to a great extent), 
yet no one would suppose that oil in motion ought to be considered a perfect fluid. It would 
appear from the following consideration, that the fluidity of water and other such fluids is not 
quite perfect. When a mass of water contained in a vessel of the forin of a solid of revolution is 
stirred round, and then left to itself, it presently comes to rest. This, no doubt, is owing to the 
friction against the sides of the vessel. But if the fluidity of water were perfect, it does not 
appear how the retardation due to this friction could be transmitted through the mass. It would 
appear that in that case a thin film of fluid close to the sides of the vessel would remain at rest, the 
remaining part of the fluid being unaffected by it. And in this respect, that part of Poisson’s 
solution of the problem of an oscillating sphere, which relates to friction, appears to me in some 
degree unsatisfactory. A term enters into the equation of motion of the sphere depending on the 
friction of the fluid on the sphere, while no such term enters into the equations of motion of the 
fluid, to express the equal and opposite friction of the sphere on the fluid. In fact, as long as we 
regard the fluidity of the fluid as perfect, no such term can enter, The only way by which to 
estimate the extent to which the imperfect fluidity of fluids may modify the laws of their motion, 
without making any hypothesis as to the molecular constitution of fluids, appears to be, to calculate 
according to the hypothesis of perfect fluidity some cases of fluid motion, which are of such a 
nature as to be capable of being accurately compared with experiment. The cases of that nature 
which have hitherto been calculated, are by no means numerous. My object in the present paper 
which I have the honour to lay before the Society, has been partly to calculate some such cases 
which may be useful in determining how far we are justified in regarding fluids as perfectly fluid, 
and partly to give examples of the methods by which the solution of problems depending on partial 
differential equations may be effected. 

In the first seven articles, I have mentioned and explained some general principles, which are 
afterwards applied. Some of these are not new, but it was convenient to state them for the sake 
of reference. Others are I believe new, at least in their developement. In the remaining articles, I 
have given different problems, of which I have succeeded in obtaining the solutions, As the pro- 


* See also Professor Miller’s Hydrostatics, page 2. 
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blem to be solved is usually stated at the head of each article, I shall here only mention some 
of the results. Asa particular case of the problem given in Art. 8, I find that, when a cylinder 
oscillates in an infinitely extended fluid, the effect of the inertia of the fluid is to increase the mass of 
the cylinder by that of the fluid displaced. In part of Art. 9, I find that when a ball pendulum 


oscillates in a concentric spherical envelope, the effect of the inertia of the fluid is to increase the 
3 iQee8, 


2(b'- a’) 
b that of the envelope. Poisson, in his solution of the problem of the sphere, arrives at the strange 
result that the enyelope does not at all retard the oscillating sphere. I have pointed out the errone- 
ous step by which he was led to this conclusion, which I am clearly called upon to do, in venturing 
to differ from so high an authority. Of the different cases of fluid motion which I have given, that 
which appears to be capable of the most accurate and varied comparison with experiment, is the 
motion of fluid in a rectangular box which is closed on all sides, given in Art. 13. The experiment 
consists in comparing the calculated and observed times of oscillation. I find that when the motion 
is small, the effect of the fluid on the motion of the box is the same as that of a solid having the 
same mass, centre of gravity, and principal axes, but having different moments of inertia, these 
moments being given by infinite series, which converge with great rapidity. I have also in Art. 11, 
given some cases of progressive motion, deduced on the supposition that the same particles of fluid 
remain in contact with the solid, which do not at all agree with experiment. 

In almost all the cases given in this paper, the problem of finding the permanent state of tem- 
perature in the several solids considered, supposing the surfaces of those solids kept up to constant 
temperatures varying from point to point, may be solved by a similar analysis. I find that some of 
these cases have been already solved by M. Duhamel in a paper inserted in the 22nd Cahier of the 
Journal de Ecole Polytechnique. 'The cases alluded to are those of the temperature in a solid 
sphere, and in a rectangular parallelopiped. Since, however, the application of the formula in the 
two cases of fluid motion and of the permanent state of temperature is different, as well as the 
formule themselves to a certain extent, I thought it might be worth while to give them. 


mass of the ball by times that of the fluid displaced, @ being the radius of the ball, and 


1. The investigations in this paper apply directly to incompressible fluids, as the fluids spoken 
of will be supposed to be, unless the contrary is stated. The motions of elastic fluids may in most 
cases be divided into two classes, one consisting of those condensations on which sound depends, the 
other, of those motions which the fluid takes in consequence of the motion of solid bodies in it. 
Those motions of the fluid, which take place in consequence of very rapid motions of solids, (such 
as those of bullets), form a connecting link between these two classes. The motions of the second 
class are, it is true, accompanied by condensations, and propagated with the velocity of sound, but 
if the motions of the solids are not great we may, without sensible error, suppose the motions of 
the fluid propagated instantaneously to distances where they cease to be sensible, and may neglect the 
condensation. The investigations in this paper will apply without sensible error to this kind of 
motion of elastic fluids. 

In all cases also the motion will be supposed to begin from rest, which allows us to suppose that 
udw + vdy + wdz is an exact differential dp, where uw, v and w are the components, parallel to the 
axes of x, y, and x, of the whole velocity of any particle. In applying our investigations however 
to fluids such as they exist in nature, this principle must not be strained too far. When a body is 
made to revolve continually in a fluid, the parts of the fluid near the body will soon acquire a rota- 
tory motion, in consequence, in all probability, of the mutual friction of the parts of the fluid; so 
that after a time wdwvw + vdy+wdzx could no longer be taken an exact differential. It is true that 
in motion in two dimensions there is one sort of rotatory motion for which that quantity is an exact 
differential; but if a close vessel, filled with fluid at first at rest, be nade to revolve uniformly round 
a fixed axis, the fluid will soon do so too, and therefore that quantity will cease to be an exact dif- 
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ferential. For the same reason, in the progressive motion of a solid in a fluid, the effect of friction 
continually accumulating, the motion might at last be sensibly different from what it would be if 
there were no friction, and that, even if the friction were very smal]. In the case of small oscillatory 
motions however it would appear that the effect of friction in the forward oscillation, supposing that 
friction small, would be counteracted by its effect in the backward oscillation, at least if the two 
were symmetrical. In this case then we might expect our results to agree very nearly with experi- 
ment, so far at least as the time of oscillation is concerned. 

The forces which act on the fluid are supposed in the following investigations to be such that 
Adz + Ydy + Zdzx is the exact differential of a function of z, y and x, where XY, Y, Z, are the 
components, parallel to the axes, of the accelerating force acting on the particle whose co-ordinates 
are v, y, #. The only effect of such forces, in the case of a homogeneous, incompressible fluid, being 
to add the quantity, p /(Xd# + Ydy + Zdz) to the pressure, the forces, as well as the pressure due 
to them, will for the future be omitted for the sake of simplicity. 


2, It is a recognised principle, and one of great importance in these investigations, that when 
a problem is determinate any solution which satisfies all the requisite conditions, no matter how ob- 
tained, is the solution of the problem. In the case of fluid motion, when the initial circumstances 
and the conditions with respect to the boundaries of the fluid are given, the problem is determinate. 
If it were required to find what sort of steady motion could take place between given surfaces, the 
problem would not be determinate, since different kinds of steady motion might result from different 
initial circumstances. 

It may be well here to enumerate the conditions which must be satisfied in the case of a homoge- 
neous incompressible fluid without a free surface, the case which is considered in this paper. We 
have first the equations, 


1 dp 1 dp 1 dp 
Dg Wan — = — Wp cee vnnsvcccccvercveee( A) 
p dw p dy p dz 
Pe f du du du du 1 f h ii sie “f 
uttine @, for —+u— +v—+ W—, and Ws, @W,, Tor the corresponding lantities for 
P ata dt da dy dz as ities as Tos - y 
and x, and omitting the forces, 
We have also the equation of continuity, 
du dv dw 
— Fi Sabuecaadbocnsiedaanéasooiséecs SBeu CE) 


da dy * ds 
(A) and (B) hold at all times for all points of the fluid mass. 


* Ifo be the velocity of the point (@, y, x) of the surface of a solid in contact with the fluid 
resolved along the normal, and y the velocity, resolved along the same normal, of the fluid particle, 
which at the time ¢ is in contact with the above point of the solid, we must have 


in aemeieiaiedte aS aera anatg sis /n ee See BCR Sep (a)*, 
at all times and for all points of the fluid which are in contact with a solid. 


If the fluid extend to infinity, and the motion at first be zero at an infinite distance, we must 
have 
u=0, v=0, w=0, at an infinite distance. .............2..020+- (0). 


An analagous condition is, that the motion shall not become infinitely great about a particular 
point, as the origin. 


. 

* For greater clearness, those equations which must hold for all | values of the variables, or of some of them, are denoted by small 
values of the variables within limits depending on the problem letters. The latter class serve to determine the forms of the arbi- 
are denoted by capitals, while those which,hold only for certain trary functions contained in the integrals of the former. 
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Lastly, if w, v, Wo, be the initial velocities, subject of course to satisfy equations (B) and 
(a), we must have 
Thy (Oh, ashe WANS 3 cooccocoonescouodacenesanee ()}c 
In the most general case the equations which uw, v and w are to satisfy at every point of the 
mass and at every time are (B) and the three equations 
dw, do, do: om dw, da, 
dy. sale ds.pidge. ida.) ids 
These equations being satisfied, the quantity a,dv+@,dy + @,dzx will be an exact differen- 
tial, whence p may be determined by integrating the value of dp given by equations (4). Thus 
the condition that these latter equations shall be satisfied is equivalent to the condition that the 
equations (C) shall be satisfied. 
In nearly all the cases considered in this paper, and in all those of which the complete solution 
is given, the motion is such that wdw +vdy +wdz is an exact differential dp. This being the 
case, the equations (C) are, as it is well known, always satisfied, the value of p being given by the 


equation 
P= 4 - = eee (4) (4) | 2 i NE (D), 


W (#) being an arbitrary ee of ¢, which may if we please be included in @. In this case, 
therefore, the single condition which has to be satisfied at all times, and at every point of the mass 
is (B), which becomes in this case 


In the case of impulsive motion, if w,, v,, w,, be the velocities just before impact, u, v, w, 
the velocities just after, and q the impulsive pressure, the equations (A) are replaced by the equations 
1 dq 1 dq 1 dq 


and in order that these equations may be satisfied it is necessary and sufficient that (« — w,)d« 
+ (v —v,)dy + (w — w,)dx be an exact differential dd, which gives 


TE Te 
The only equation which must be satisfied at every point of the mass is (B), which is equivalent to 
(E), since by hypothesis u,, v,, and w, satisfy (B). The conditions (a) and (b) remain the 
same as before. 

One observation however is necessary here. The values of «, v and w are always supposed to 
alter continuously from one point in the interior of a fluid mass to another. At the extreme boun- 
daries of the fluid they may however alter abruptly. Suppose now values of w, v and w to have 
been assigned, which do not alter abruptly, which satisfy equations (B) and (C) as well as the con- 
ditions (a), (0) and (c), or, to take a particular case, values which do not alter abruptly, which 
satisfy the equation (B) and the same ace and which render wdw + vdy + wdzx an exact 


: ; dp d 
differential. Then the values of = 2 and — P will alter continuously from one point to another, 
a dy dz 


but it does not follow that the value of p itself cannot alter abruptly. Similarly in impulsive 
; d i] j 
motion the value of g may alter abruptly, although those of = 4 = and = alter continuously. 
a dy gz 
Such abrupt alterations are, however, inadmissible ; whence it follows as an additional condition to 
be satisfied, . 
that the value of p or qg, obtained by integrating equations (4) or (F), shall 
not alter abruptly from one point of the fluid to another. 
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An example will make this clearer. Suppose a mass of fluid to be at rest in a finite cylinder, 
whose axis coincides with that of x, the cylinder being entirely filled, and closed at both ends. Sup- 
pose the cylinder to be moved by impact with an initial velocity C in the direction of w; then shall 


u=C, v=0, w=0. 


For these values render wda + vdy + wdzx an exact differential dp, where @ satisfies (EZ); they also 
satisfy (a); and, lastly, the value of q obtained by integrating equations (#'), namely, C’ — Cpa, 


does not alter abruptly. But if we had supposed that @ were equal to Cw + C'@, where 0 = tan-"2, 


& 


the equation (£) and the condition (a) would still be satisfied, but the value of q would be 
C” — p(Ca + C’6), in which the term pC’@ alters abruptly from 27pC to 0, as @ passes through 
the value 27. The condition (d) then alone shews that the former and not the latter is the true 
solution of the problem. 

The fact that the analytical conditions of a problem in fluid motion, as far as those conditions 
depend on the velocities, may be satisfied by values of those velocities, which notwithstanding corre- 
spond to a pressure which alters abruptly, may be thus explained. Conceive two masses of the same 
fluid contained in two similar and equal close vessels 4 and B. For more simplicity, suppose these 
vessels and the fluid in them to be at first at rest. Conceive the fluid in B to be divided by an 
infinitely thin lamina which is capable of assuming any form, and, at the same time, of sustaining 
pressure. Suppose the vessels A and B to be moved in exactly the same manner, the lamina in 
B being also moved in any arbitrary manner. It is clear that, except for one particular motion of 
the lamina, the motion of the fluid in B will be different from that of the fluid in 4. The velocities 
U, ¥, w, will in general be different on opposite sides of the lamina in B. For particular motions of 
the lamina however the velocities vu, v, w, may be the same on opposite sides of it, while the 
pressures are different. The motion which takes place in B in this case might, only for the con- 
dition (d), be supposed to take place in A. 

It is true that equations (4) or (F), could not strictly speaking be said to hold good at those 
surfaces where such a discontinuity should exsist. Still, to avoid the liability to error, it is well to 
state the condition (d) distinctly. 


When the motion begins from rest, not only must ude + vdy + wdzx be an exact differential d¢@, 
and uw, v, w, not alter abruptly, but also @ must not alter abruptly, provided the particles in 
contact with the several surfaces remain in contact with those surfaces; for if this condition be not 
fulfilled, the surface for which it is not fulfilled will as it were cut the fluid into two. For it follows 


c d : 3 
from the equation (D) that must not alter abruptly, since otherwise p would alter abruptly 


from one point of the fluid to another; and a3 neither altering abruptly nor becoming infinite, it 
follows that @ will not alter abruptly. Should an impact occur at any period of the motion, it 
follows from equations (F') that that cannot cause the value of @ to alter abruptly, since such an 
abrupt alteration would give a corresponding abrupt alteration in the value of q. 

3. Aresult which follows at once from the principle laid down in the beginning of the last article 
is this, that when the motion of a fluid in a close vessel which is at rest, and is completely filled, is 
of such a kind that wdv + vudy + wd is an exact differential, it will be steady. For let u, v, w, be 
the initial velocities, and let us see if the velocity at the same point can remain w, v, w. First, 
udx+vdy + wdzx being an exact differential, equations (4) will be satisfied by a suitable value of p, 
which value is given by equation (D). Also equation (B) is satisfied since it is so at first. The 
condition (a) becomes » = 0, which is also satisfied since it is satisfied at first. Also the value of p 


: : : i or va 
given by equation (D) will not alter abruptly, for = = 0, or a function of ¢, and the velocities t &e., 
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are supposed not to alter abruptly. Hence, all the requisite conditions are satisfied ; and hence, 
(Art. 2) the hypothesis of steady motion is correct. 


4. In the case of an incompressible fluid, either of infinite extent, or confined, or interrupted in 
any manner by any solid bodies, if the motion begin from rest, and if there be none of the cutting 
motion mentioned in Art. 2, the motion at the time ¢ will be the same as if it were produced instan- 
taneously by the impulsive motion of the several surfaces which bound the fluid, including among 
these surfaces those of any solids which may be immersed in it. For let «, v, w, be the velocities at 
the time ¢. Then by a known theorem wda +vdy+wdzx will be an exact differential d@, and 

will not alter abruptly (Art. 2). @ must also satisfy the equation (/), and the conditions 
(a) and (6). Now if 2’, v’, w’, be the velocities on the supposition of an impact, these quantities 
must be determined by precisely the same conditions as uv, v and w. But the problem of finding 
uw, v' and w’, being evidently determinate, it follows that the identical problem of finding wu, v 
and w is also determinate, and therefore the two problems have the same solution; so that 


, 


U=U, V=VvV, W=wW’, 
This principle has been mentioned by M. Cauchy, in a memoir entitled Mémoire sur la Théorie 
des Ondes, in the first volume of the memoirs presented to the French Institute, page 14. It 
will be employed in this paper to simplify the requisite calculations by enabling us to dispense 
with all consideration of the previous motion, in finding the motion of the fluid at any time 
in terms of that of the bounding surfaces. One simple deduction from it is that, when all the 
bounding surfaces come to rest, each element of the fluid will come to rest. Another is, that if the 
velocities of the bounding surfaces are altered in any ratio the value of @ will be altered in the same 
ratio. 
5. Superposition of different motions. 


Tn calculating the inital motion of a fluid, corresponding to given initial motions of the bounding 
surfaces, we may resolve the latter into any number of systems of motions, which when compounded 
give to each point of each bounding surface a velocity, which when resolved along the normal is 
Eel to the given velocity resolved along the same normal, provided that, if the fluid be enclosed 

5 = ° , , , , , 
on all sides, each system be such as not to alter its volume. For let w’, v’, w’, v’, o, be the values 
of w, v, &¢., corresponding to the first system of motions; w’, v”, &c., the values of those quantities 
corresponding to the second system, and so on; so that 


, ”” , i?-4. . iad y ” 
UW=U+U +..., V=V+V + 39) VNU EV se oie ain Ov — Get -1 ue ete 


woe) W= Wt +.. 

Then since we have by hypothesis w/da + v'dy + w'dz an exact differential dg’, w’da + v"dy 
+ w'dx an exact differential dd”, and so on, it follows that wdx +vdy+wdz is an exact dif- 
ferential. Again by hypothesis »’ = 0’, v”=o", &c., whence v=o. Also, if the fluid extend to an 
infinite distance, w, v, and w must there vanish, since that is the case with each of the systems 
wu, v', w’, &c. Lastly, the quantities p’, p”, &c., not altering abruptly, it follows that , which 
is equal to d’ + p"+ ..., will not alter abruptly. Hence the comeeunded motion will satisfy all 
the requisite eondivene! and therefore, (Art. 2) it is the actual motion. 

It will be observed that the pressure p will not be obtained by adding together the pressures 
due to each of the above systems of velocities. To find p we must substitute the complete value of 
@ in equation (D). If, however, the motion be very small, so that the square of the velocity is 
neglected, it will be sufficient to add together the several pressures just mentioned. 

In general the most convenient systems into which to decompose the motion of the bounding 
surfaces are those formed by considering the motion of each surface, or of a certain portion of each 
surface, separately. Such a portion may be either finite or infinitesimal. In fact, in some of the 
cases of motion that will be presently given, where @ is expressed by a double integral with a 
function under the integral sign expressing the motion of the bounding surfaces, it will be found 
that each element of the integral gives a value of @p such that, except about the corresponding 
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element of the bounding surface, the motion of all particles in contact with those surfaces is 
tangential. 

A result which follows at once from this principle, and which appears to admit of comparison 
with experiment, is the following. Conceive an ellipsoid, or any body which is symmetrical with 
respect to three planes at right angles to each other, to be made to oscillate in a fluid in the 
direction of each of its three axes in succession, the oscillations being very small. Then, in each 
case, as may be shown by the same sort of reasoning as that employed in Art. 8, in the case 
of a cylinder, the effect of the inertia of the fluid will be to increase the mass of the solid by 
a mass having a certain unknown ratio to that of the fluid displaced. Let the axes of co-ordinates 
be parallel to the axes of the solid; let a, y, x, be the co-ordinates of the centre of the solid, 
and let M, M’, M”, be the imaginary masses which we must suppose added to that of the solid 
when it oscillates in the direction of the axes of w, y, x, respectively. Let it now be made to oscillate 
in the direction of a line making angles a, 6, ry, with the axes, and let s be measured along 
this line. Then the motions of the fluid due to the motions of the solid in the direction of the 


three axes will be superimposed. ‘The motion being supposed to be small, the resultant of the 
d's 


pressures of the fluid on the solid will be three forces, equal to Mcosea _ » M' cos B ae” 
an 


8 : : Bes : 
M" cosy Bae respectively, in the directions of the three axes. The resultant of these in the 


2 


: 4 F 5 8 
direction of the motion will be M, a where 


M,= M cos*a + M’cos*B + M” cos”. 
Each of the quantities M, M’, M’ and M,, may be determined by observation, and we may 
find whether the above relation holds between them. Other relations of the same nature may be 
deduced from the principle explained in this article. 


6. Reflection. 
Conceive two solids, 4 and B, immersed in a fluid of infinite extent, the whole being at rest. 


Suppose 4 to be moved in any manner by impulsive forces, while B is held at rest. Suppose 
the solids 4 and B of such forms that, if either were removed, and the several points of the 
surface of the other moved instantaneously in any given manner, the motion of the fluid could 
be determined: then the actual motion can be approximated to in the following manner. Conceive 
the place of B to be occupied by fluid, and A to receive its given motion; then by hypothesis 
the initial motion of the fluid can be determined. Let the velocity with which the fluid in 
contact with that which is supposed to occupy B’s place penetrates into the latter be found, 
and then suppose that the several points of the surface of B are moved with normal velocities 
equal and opposite to those just found, A’s place being supposed to be occupied by fluid. The 
motion of the fluid corresponding to the velocities of the several points of the surface of B can 
then be found, and A must now be treated as B has been, and so on. The system of velocities 
of the particles of the fluid corresponding to the first system of velocities of the particles of the 
surface of B, form what may be called the motion of A reflected from B; the motion of the 
fluid arising from the second system of velocities of the particles of the surface of 4 may be 
called the motion of A reflected from B and again from A, and so on. It must be remembered 
that all these motions take place simultaneously. It is evident that these reflected motions will 
rapidly decrease, at least if the distance between A and B is considerable compared with their 
diameters, or rather with the diameter of either. In this case the calculation of one or two 
reflections will give the motion of the fluid due to that of A with great accuracy. It is evident 
that the principle of reflection will extend to any number of solid bodies immersed in a fluid; 
or again, the body B may be supposed to be hollow, and to contain the fluid and 4, or else 
A to contain B. In some cases the series arising from the successive reflections can be summed, 
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in which case the motion will be determined exactly. The principle explained in this article has 
been employed in other subjects, and appears likely to be of great use in this. It is the same for 
instance as that of sawecessive influences in Electricity. 


7. If a mass of fluid be at rest or in motion in a close vessel which it entirely fills, the 
vessel being either at rest or moving in any manner, any additional motion of translation com- 
municated to the vessel will not affect the relative motion of the fluid. For it is evident that 
on the supposition that the relative motion is not affected the equation (B) and the condition 
(a) will still be satisfied. Also, if 2,, @2, w 3, be the components of the effective force of any 
particle in the first case, and U, V, W, be the components of the velocity of translation, then 


dU dV dW 
ie > Bot Ta > @W3+ aie ) 

will be the components of the effective force of the same particle in the second case. Now since 
by hypothesis w,dxv + @.dy + @,dzx is an exact differential, as follows from equations (C), and 
U, V, W, are functions of ¢ only, it follows at once that 


dU dV) dW 
(= +° -) de + (=. +5, ) dy + (= +) x 
dt dt 


is an exact differential, where x, y, x, are the co-ordinates of any particle referred to the old axes, 
which are themselves moving in space with velocities U, V, W. But if #,, y,, 2,, be the co- 
ordinates of the same particle referred to parallel axes fixed in space, we have 


o=a+ f[Udt, y,=y4+[Vdt, sx =2s + [Wdt, 
whence, supposing the time constant, dw =dxr,, dy =dy,, dx =dzx,, and therefore 


dU dV dw 
(=, 7 =) da, + (w+ = dy, + (=, a0 Bip ) dz, 


is an exact differential. Hence, equations (4) can be satisfied by a suitable value of p. Denoting 
by p the pressure about the particle whose co-ordinates are x, y, #, in the first case, the pressure 
about the same particle in the second case will be 


dU dV dw 
Di AS ay Da rast Leip apy? 


DW, + 


none of the terms of which will alter abruptly, since by hypothesis p does not. 

Since then the present hypothesis satisfies all the requisite conditions, it follows from Art. 2 
that that hypothesis is correct. If #' be the additional effective force of any particle of the vessel 
in consequence of the motion of translation, and we take new axes of a’, y’, x’, of which the first 
is in the direction of F, the additional term introduced into the value of the pressure will be 
— pF’, omitting the arbitrary function of the time. The resultant of the additional pressures on 
the sides of the vessel will be equal to # multiplied by the mass of the fluid, and will pass 
through the centre of gravity of the fluid, and act in the direction of — a’. 


8. Motion between two cylindrical surfaces having a common axis. 


Let us conceive a mass of fluid at rest, bounded by two cylindrical surfaces having a com- 
mon axis, these surfaces being either infinite or bounded by two planes perpendicular to their 
axis. Let us suppose the several generating lines of these cylindrical surfaces to be moved 
parallel to themselves in any given manner consistent with the condition that the volume of the 
fluid be not altered: it is required to determine the initial motion at any point of the mass. 

Since the motion will take place in two dimensions, let the fluid be referred to polar 
co-ordinates 7, 0, in a plane perpendicular to the axis, 7 being measured from the axis. Let 
a be the radius of the inner surface, 6 that of the outer, f(@) the normal velocity of any 
point of the inner surface, /' (0) the corresponding quantity for the outer. 
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Since for any particular radius vector between @ and 6 the value of @ is a periodic function 
of @ which does not become infinite, (for the motion at each point of each bounding surface is 
supposed to be finite), and which does not alter abruptly, it may be expanded in a converging 
series of sines and cosines of 6 and its multiples. Let then 


p= P,+ 2 (P, cosnO + Q,sin76) .........08. (1). 


Substituting the above value in the equation 


di fud d’ 
ro (rZe) + P _o meee ence AAC) 6 
dr \ dr dé 
which @ is to satisfy, and equating to zero the coefficients of corresponding sines and cosines, 
which is allowable, since a given function can be expanded in only one series of the form (1), 
we find that P, must satisfy the equation 


of which the general integral is 
P,=Alogr + B, 


the base being «, and P, and Q, must both satisfy the same equation, viz. 


d aP, d 
(: ) —n'P, = 0, 


ach 
dr dr 
of which the general integral is 
PL = Cr-* + CP. 


We have then, omitting the arbitrary constant in @, as will be done for the future, since we 
have occasion to use only the differential coefficients of @, 


gp = A, log r + Ey {(4,7-" + 4,7") cos nO + (B,r-" + Bir") sin nO} «20... 40. (3) 


with the conditions 


t = AOE WHER NO vaciecevews coclicatelecctse (4), 
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Let f (0) = C, + 2S (C, cosn@ + D, sin 8), 
F (0) = C, + 37 (C’,cosn@ + D',sinn8) ; 
1 2r _e P 1 2x r e l 2 és ‘ 3 
so that Cy = reel f (8) de’, C.=—f F@) cosn’'dd, D,=— [“f(@) sinnO dé. 
with similar expressions for C’,, &c. Then the condition (4) gives 
Ay 2 n Ul 
= rn }(— 4,a-“* + A’,a"™!) cosnd + (— Bya-* + Ba") sin nOt 


= Cy + =) (C, cos nO + D, sin n@) ; 
whence, 
Ao = acy; 
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Similarly, from the condition (5), we get 
A,= b Cos 


Le, 
A,b-@+» fa Ay Dae == . Gs 


B,b-+) — Bib = —~D',. 
n 


It will be observed that aC,=bC',, by the condition that the volume of fluid remain unchanged, 
which gives 


a fF @)ae =) [FO a0. 
From the above equations we easily get 


a” 62" 
Ws n (b” — qa?" 


A oC Sas oR: 


and, changing the sign of », 
1 
ees n+1( — pnt+1 77 2 
A’, =p a ai) Goa ADENCls = aPC. ts 


with similar expressions for B, and B’,, involving D in place of C. 
We have then 


1 
p =aC, logr + SY = (G* — a®*)—13[(6-**! C’, —a™*" C_) cosnO 


+ (6-"*! D’, — a-"*! D,) sin n 6] a?*b?"7-" 
+ [(6"t' C’, — a"*"C,) cos nO + (6"*' D’, — a**' D,) sinnO] rt 
which completely determines the motion. 


It will be necessary however, (Art. 2), to shew that this value of @ does not alter abruptly 
for points within the fluid, as may be easily done. For the quantities C,, D, cannot be greater 


than * [=F (040, where each element of the integral is taken positively; and since by 
To 


hypothesis f(@) is finite for all values of @ from 0 to 27, it follows that neither C,, nor D, can 
be numerically greater than a constant quantity which is independent of m. The same will be 
true of C’, and D’,. Remembering then that r >a and <6, it can be easily shewn that the 
series which occur in (6) have their terms numerically less than those of eight geometric series 
respectively whose ratios are less than unity; and since moreover the terms of the former set 
of series do not alter abruptly, it follows that @ cannot alter abruptly. The same may be 
proved in a similar manner of the differential coefficients of @. The other infinite series ex- 
pressing the value of @ which occur in this paper may be treated in the same way: and in 
Art. 10, where @ is expressed by a definite integral, the value of @ and its differential coefficients 
will alter continuously, since that is the case with each element of the integral. It will be 
unnecessary therefore to refer again to the condition (d). 


If the fluid be infinitely extended, we must suppose C’, and D’, to vanish in (6), since the 
velocity vanishes at an infinite distance; we must then make b infinite, which reduces the above 
equation to 
n+l 


a 
p =aC, logr — SP 
nr” 


SC, cos n@ + D, sin MOR fecacececpeescadcecacenes ll): 


This value of @ may be put under the form of a definite integral: for, replacing C,, C, and 
D,, by their values, it becomes 
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a Qn ; Pie On ee a PEN Pn a mr ; ; ; 
sc loge f f(@)de' ~~: ~ (2) 'f '£(0’) cos n (6 - 6')dé’, 
which becomes on summing the series 


a Sepek ee pee a A 7g) | see a 
=~ leer f f@)ad +— f log {1-24 cos (@-0') + “} F@'ya0' 


0 


dd a eeef(il ar cos (0 — 6’) — a Hees 
Wise ‘dr xr, {5 + 7 — 2ar cos (0-6) + alt @)ae. 

If we suppose 7 to become equal to a the quantity under the integral sign vanishes, except 
for values of 6’, which are indefinitely near to 6. The value of the integral itself becomes f (@)*. 
Hence it appears, that to the disturbance of each element of the surface, there corresponds 
a normal velocity of the particles in contact with the surface, which is zero, except just about 
the disturbed element. The whole disturbance of the fluid will be the aggregate of the dis- 
turbances due to those of the several elements of the surface. The case of the initial motion 
of fluid within a cylinder, and the analogous cases of motion within and without a sphere, which 
will be given in the next article, may be treated in the same manner. 


aan: Paine ; : d 
The velocity in the direction of r given by equation (7), fs ) : 
\. dr 


n+) 
= EN (*) $C, cosn@ + D, sinn@}, 


Y \r 


and that perpendicular to 7, and reckoned positive in the same direction as 0, (- *) P 
ra 


a n+l 
=a (*) $C, sinn@ — D,, cos not. 
r 


Conceive a mass of fluid comprised between two infinite parallel planes, and suppose that 
a certain portion of this fluid contains solid bodies bounded by cylindrical surfaces perpendicular 
to these planes. The whole being at first at rest, suppose that the surfaces of these solids are 
moved in any manner, the motion being in two dimensions. Conceive a circular cylindrical 
surface described perpendicular to the parallel planes, and with a radius so large that all the 
solids are comprised within it. Then, (Art. 4), we may suppose the motion of the fluid at any 
time to have been produced directly by impact. On this supposition the initial motion of the 
part of the fluid without the above cylindrical surface will be determined in terms of the normal 
motion of the fluid forming that surface, as has just been done. If C, be different from zero, 


‘ . . 5 : : aC, : 
then, at a great distance in the fluid, the velocity will be ultimately ——, and directed to or from 
: aes 


the axis of the cylinder, and alike in all directions. Since the rate of increase of volume of a 
length 7 of the cylinder is equal to la [°" f(@')ae' = 2rlaC,, it appears that the velocity at 
a great distance is proportional to the expansion or contraction of a unit of length of the solids. 
If however there should be no expansion or contraction, or if the expansion of some of the solids 
should make up for the contraction of the rest, then in general the most important part of the 


; ; ‘ : ne, .cOsiO mie 
motion at a great distance will consist of a velocity =— directed to or from the centre, and 
A 


C’sin@ ’ : ; hoy? . 
another >— perpendicular to the radius vector, the value of C’ and the direction from which 
Fe 


@, is measured varying from one instant to another. The resultant of these velocities will vary 
inversely as the square of the distance. 


* Poisson, Théorie de la Chaleur, Chap. vii. 
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Resuming the value of @ given by equation (6), let us suppose that the interior cylindrical 
surface is rigid, and moved with a velocity C in the direction from which @ is measured, the 
outer surface being at rest: then f(@) =Ccos@, F(6)=0; whence C,=C, and the other co- 
efficients are each zero. We have then 

Cae 


b? — a? 


(- +7) BS RR DRM DP) BA 


Suppose now that the inner cylinder has a small oscillatory motion about an axis parallel 
to the axes of the cylinders, the cylinders having their axes coincident in the position of 
equilibrium. Let \ be the angle which a plane drawn through the axis of rotation, and that of the 
solid cylinder at any time makes with a vertical plane drawn through the former. The motion of 
translation of the axis of the cylinder will differ from a rectilinear motion by quantities depending 
on W*: the motion of rotation about its axis will be of the order \, but will have no effect on 
the fluid. Therefore in considering the motion of the fluid we may, if we neglect squares of w, 
consider the motion of the cylinder rectilinear. The expression given for @ by equation (8) will 
be accurately true only for the instant when the axes of the cylinders coincide; but since the 
whole resultant pressure on the solid cylinder in consequence of the motion is of the order w, 
we may, if we neglect higher powers of y, than the first, employ the approximate value of @ 
given by equation (8). Neglecting the square of the velocity, we have 


dp 


Pita 
do 


In finding the complete value of ri it would be necessary to express @ by co-ordinates re- 
dt . 

ferred to axes fixed in space, which after differentiation we might suppose to coincide with others 

fixed in the body. But the additional terms so introduced depending on the square of the velocity, 

which by hypothesis is neglected, we may differentiate the value of @ given by equation (8) as if 

the axes were fixed in space. We have then, to the first order of approximation, 


,dC 
dp dt fv 
aioe = eT + rf cove 


If 7 be the length of the cylinder, the pressure on the element /ad@, resolved parallel to « 
and reckoned positive when it acts in the direction of 2, 


ACI 


pla’ —— 16 
dt {b 
ot + aj cos*0d@; 


and integrating from 9 =0 to @=27, we have the whole resultant pressure parallel to 


Y 


d c : : 
Since is is the effective force of the axis, parallel to x, and that parallel to y is of the order y/’, 


we see that the effect of the inertia of the fluid is to increase the mass of the cylinder by 
Perias 


u, Where « is the mass of the fluid displaced. This imaginary additional mass must be 


2 


P-a& 
supposed to be collected at the axis of the cylinder. 

If the cylinder oscillate in an infinitely extended fluid b = ©, and the additional mass becomes 
equal to that of the fluid displaced. This appears to be a result capable of being compared with 
experiment, though not with very great accuracy. Two cylinders of the same material, and of the 
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same radius, but whose lengths differ by several radii, might be made to oscillate in succession in a 
fluid, at a depth sufficiently great to allow us to neglect the motion of the surface of the fluid. The 
time of oscillation of each might then be calculated as if the cylinder oscillated in vacuum, acted on 
by a moving force equal to its weight minus that of the fluid displaced, acting downwards through 
its centre of gravity, and having its mass increased by an unknown mass collected in the axis. 
Equating the time of oscillation so calculated to that given by observation, we should determine the 
unknown mass. The difference of these masses would be very nearly equal to the mass which must 
be added to that of a cylinder whose length is equal to the difference of the lengths of the first two, 
when the motion is in two dimensions. This evidently comes to supposing that, at a distance from 
the middle of the longer cylinder not greater than half the difference of the lengths of the two, the 
motion may be taken as in two dimensions. The ends of the cylinders may be of any form, provided 
that they are all of the same. They may be suspended by fine equal wires, in which case we should 
have a compound pendulum, or attached to a rigid body oscillating above the fluid by means of 
thin flat bars of metal, whose plane is in the plane of motion. Another way of getting rid of the 
motion in three dimensions about the ends would be, to make those ends plane, and to fix two 
rigid planes parallel to the plane of motion, which should be almost in contact with the ends of the 
cylinder. 


9. Motion between two concentric spherical surfaces.—Motion of a ball pendulum enclosed 
in a spherical case. 

Let a mass of fluid be at rest, comprised between two concentric spherical surfaces. Let the 
several points of these surfaces be moved in any manner consistent with the condition that the 
volume of the fluid be not changed: it is required to determine the initial motion at any point 
of the mass. 

Let a, 6, be the radii of the inner and outer spherical surfaces respectively ; then employing the 
co-ordinates 7, 8, w, where 7 is the distance from the centre, @ the angle which r makes with a fixed 
line passing through the centre, w the angle which a plane passing through these two lines makes 
with a fixed plane through the latter, the value of @ corresponding to any radius vector comprised 
between a and b can be expanded in a converging series of Laplace’s coefficients. Let then 


p= Vo+ Vi wate bs V+ eoeree ? 
V,, being a Laplace’s coefficient of the 2“ order. 
Substituting in the equation, 
d’rp 1a Gite odd 1 do 
r—+-— — (sin @ - —— aye 
dr* _ sin@ d@ (s a) * sin? @ d 


which @ is to satisfy, employing the equation 


m(n +1)V, + bine 5 (sino) = Oe re (9) 
"sin@ dé dé Siri 2st (Maer YS Q 
and then equating to zero the Laplace’s coefficients of the several orders, we find 
drV,, a 
tT +1) V.= 0. 


The general integral of this equation is 


Vi = cr + yeti é] 

where C and C’ are functions of @ and w. Substituting in the equation (9), and equating coeffi- 
cients of the two powers of 7 which enter into it separately to zero, we find that both C and 
C’ satisfy it, and therefore are both Laplace's coefficients of the ‘ order. We have then 


G= EP (Fr Poe OW) Re Ak. Ci), 
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where Y, and Z, are each Laplace’s coefficients of the 2‘ order, and do not contain 7. Let 


f(@, w) be the normal velocity of the point of the inner surface corresponding to @ and w, 
F'(0, w) the corresponding quantity for the outer; then the conditions which @ is to satisfy 
are that 

d 

“e =f(0, w) when r=a, 


dp 

ap F' (0, w) when r=b, 

Let f(@, w), expanded in a series of Laplace’s coefficients, be 
PAP sce FP abiees 


which expansion may be performed by the usual formula, if not by inspection: then the first 


condition gives 
S (nY,a"™ — (n+ 1)Z,a-©t”) = S° P,: 


and equating Laplace’s coefficients of the same order, we get 
Le tea <i OW AA So aL AY ARE (11). 
Let F'(@, w), expanded in a series of Laplace’s coefficients, be 
TE Bed P aa5 IE EE nie & 
then from the second condition, we get 
YO =e el) Zba GT) a Py se dien cee (12). 
From (11) and (12) we easily get 
P! pt? — P art? 
Y,= n (BR a aly’ 
Z, = gent) pent {P’,b-@-» os Pas Dy 
(7 + 1) (b°"*! — a®"*") 
provided » be greater than 0. If 2 =0, we have 
=a Zo=/P a» eZ ae 
But the condition that the volume of the fluid be not altered, gives 
ane [ Ff (0, w) sin 0d0dw = bf” [" FQ, w) sin Od0dw, 
or 47a°P,=470'°P,, 


which reduces the two equations just given to one. 


We have then, omitting the constant Y,, 
Par Bens 1 

p ——— - a > fEAet ~~ gata) +z, (Ba = P05?) 7" 
n 

anti Eenti 


¥ p—(1~1) ~(2=1)) ,-(0 +1) : 

esa Ce - P,a )? } BEE ads (13), 
which determines the motion. 

When the fluid is infinitely extended, we have P’,=0 since the velocity vanishes at an 
infinite distance, and b = ¢, whence ; 

120. a i qt? Pe 
p=- a | (n + 1)r*)" 

It may be proved, precisely as was done, (Art. 8), for motion in two dimensions, that if 

any portion of an infinitely extended fluid be disturbed by the motion of solid bodies, or other- 
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wise, if all the fluid beyond a certain distance from the part disturbed were at first at rest, the 
velocity at a great distance will ultimately be directed to or from the disturbed part, and will 


. : ; : 1 
be the same in all directions, and will vary as << The coefficient of 2 will be proportional 


to the rate of gain or loss of volume of the part disturbed. If however this rate should be zero, 


then the most important part of the velocity at a great distance will in general be that depend- 
, aP, , : : 
ing on the term — 5 ; in @. Since the general form of P, is 

r 


A cos@ + Bsin@ cosw + Csin@ sin w, 


we easily find, by making use of rectangular co-ordinates, changing the direction of the axes, 


D cos 0, 


and then again adopting polar co-ordinates, that the above term in @ takes the form j 


0, being measured from same line passing through the origin, The motion will therefore be the 
same as that round a ball pendulum in an incompressible fluid, the centre of the ball being 
in the origin ; a case of motion which will be considered immediately. In order to represent the 
motion at different times, we must suppose the velocity and direction of motion of the ball to 
change with the time. 

The value of @ given by equation (13) is applicable to the determination of the motion of 
a ball pendulum enclosed in a spherical case which is concentric with the ball in its position of 
equilibrium. If C be the velocity of the centre of the ball at the instant when the centres of 
the ball and case coincide, and if @ be measured from the direction in which it is moving, we 
shall have 

f (0) = Ccos0, F(0) =0; 
wer 0; oF 16. con, hg 0, Ser =O; &es 


and the value of @ for this instant is accurately 
(Bir BS 0 
Cae gel oe” 


which, when 6 = ¢, becomes 
Ca cos 0 
a °° ? ? 


~ 


which is the known expression for the value of @ for a sphere oscillating in an infinitely extended, 


incompressible fluid. 
It may be shewn, by precisely the same reasoning as was employed in the case of the cylin- 


: ne d 
der, that in calculating the small oscillations of the sphere the value of se to be employed is 


eit 
dt BS 
- a (4+ gap) 088s 
‘ do é 
and from the equation p= — p a0 We easily find that the whole resultant pressure on the 


sphere in the direction of its centre, and tending to retard it is 


5 B 
4 mpa (« \> 


3 Ba 2a?) dt’ 


: SH) Pie okunate F dc... . 
and that perpendicular to this direction is zero. Since a the effective force of the centre 


in the direction of the motion, and that perpendicular to this direction is of the second order, 
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the effect of the inertia of the fluid will be to increase the mass of the sphere by a mass 


» being the mass of the fluid displaced; so that the effect of the case is, to increase the mass 
which we must suppose added to that of the ball in the ratio of 6°+2a* to b’— a’. 

Poisson, in his solution of the problem of the oscillating sphere given in the Mémoires de 
Institut, Tome xt. arrives at a different conclusion, viz. that the case does not at all affect 
the motion of the sphere. When the elimination which he proposes at p, 563 is made, the last 


rn E Bae 
term of equation (f) p. 550 becomes ee Ty) os _ , where a is the velocity of 


propagation of sound, and 6 the ratio of the density of air to that of the ball, ¢ and ¢’ being 
functions derived from others which enter into the value of p by putting r=c, where e is the 
radius of the ball. He then argues that this term may be neglected as insensible, since it involves 


ate ox. ; : ‘ BE RC | 
© in the numerator and a® in the denominator, tacitly assuming that qe + ae is not large 


since @ is not large. Now for the disturbances of the air which have the same period as 


dp 


those of the pendulum ay is not large compared with @, as it is for those on which sound 
t 


depends. Let then Poisson’s solution of equation (a), p. 547 of the volume already mentioned, 
be put under the form 


TU AP firs elec? 


f’ and F” denoting the derived functions, and all the Laplace’s coefficients except those of the 
first order being omitted, the value of @ just given being supposed to be a Laplace’s coefficient 
of that order. Then if we expand the above functions in series ascending according to powers 


7 
of —, we find 
a 


| _ 


wo 


$= 510+ FO} ~ sa lf’ O+ FO} + YO - FO + 


and in order that when a= this equation may coincide with (10), when all the Laplace’s 
coefficients except those of the first order are omitted in that equation, it will be seen that it is 
necessary to suppose f’’(¢) — F’’(¢), and therefore f(#) — F(¢), to be of the order a’, while 
/()+fF@ is not large. Putting then 


fO=xO+ ea, 
F@Q=x)-ea, 


(+ Cex (tS) x (142) eae (e- 2) -a(r4 5h 


will contain a term of the order a®, and the term which Poisson proposes to 


7, 


we shall have 


dE +0) 
dt 


leave out will be of the same order of magnitude as those retained. 


so that 


In making the experiment of determining the resistance of the air to an oscillating sphere, it 
would appear to be desirable to enclose the sphere in a concentric spherical case, which would at the 
same time exclude currents of air, and facilitate in some measure the experiment by increasing the 
small quantity which is the subject of observation. The radius of the case however ought not to be 
nearly as small as that of the ball, for if it were, in the first place a small error in the position of the 
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centre of the ball when at rest might not be insensible, and in the second place the oscillations 
would have to be inconveniently small, in order that the value of @ which has been given might be 
sufficiently approximate. The effect of a small slit in the upper part of the case, sufficient to allow 
the wire by which the ball is supported to oscillate, would evidently be insensible, for the conden- 
sation being insensible in a vertical plane passing through the axis of rotation, since the alteration of 
pressure in that plane is insensible, the air would not have a tendency alternately to rush in and out 
at the slit. 


10. Effect of a distant rigid plane on the motion of a ball pendulum. 

Although this problem may be more easily solved by an artifice, it may be well to give the direct 
solution of it by the method mentioned in Article 6. In order to calculate the motion reflected from 
the plane, it will be necessary to solve the following problem : 


To find the initial motion at any point of a mass of fluid infinitely extended, except where it 
is bounded by an infinite solid but not rigid plane, the initial motion of each point of the solid 
plane being given. 

It is evident that motion directed to or from a centre situated in the plane, the velocity being 
the same in all directions, and varying inversely as the square of the distance from that centre, 
would satisfy the condition that wdw+vdy +wdzx is an exact differential, and would give to 
the particles in contact with the plane a velocity directed along the plane, except just about 
the centre. Let us see if the required motion can be made up of an infinite number of such 
motions directed to or from an infinite number of such centres. 

Let «a, y, x, be the co-ordinates of any particle of fluid, the plane wy coinciding with the 
solid plane, and the axis of x being directed into the fluid. Let 2’, y’, be the co-ordinates of 
any point in the solid plane: then the part of @ corresponding to the motion of the element 
dx’ dy of the plane will be 

W (a’, y') da'dy’ 
V(@- avy +y-y) + 


and therefore the complete value of p will be given by the equation 


ogee We (2, y')da'dy’ 
co) adi Jienays Gosh sccccececrevvceess (14). 
dp 


The velocity parallel to » at any point = — 


~ 
“2 


BAe ie v (a, y')xda'dy’ 

-ot-« {(~—a)?+(y-y)?t+ x }t 

Now when s vanishes the quantity under the integral signs vanishes, except for values of 2” 
and y’ indefinitely near to w and y respectively, the function \/(a’, y’) being supposed to vanish 
when a’ or y’ is infinite. Let then w =v+£, y' =y+n, then, & and », being as small as 
we please, the value of the above expression when x =0 becomes 


— the limit of fe A she ene when = =0. 
7] = 


Now if y(2’,y') does not alter abruptly between the limits e- & and w+ of a’, and y-», 
and y+, of y/, the above expression may be replaced by 


ie -E, pn. xdEdn 
= W (x, y) x the limit of ifanh (@+74+a! > 
which is = — 27 W(a, y). 
Vor Villines Parrett. Q 
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If now f(a’, y’) be the given normal velocity of any point (a, y') of the solid plane, the ex- 
pression for @ given by equation (14) may be made to give the required normal velocity of 
the fluid particles in contact with the solid plane by assuming 
, , 1 U / 
Vs a= FO) 


whence 


Pe a ge CLL 
\(@-a'yP+(y-y) rate 
This expression will be true for any point at a finite distance from the plane vy even when f(a’, ’) 
does alter abruptly; for we may first suppose it to alter continuously, but rapidly, and may then 
suppose the rapidity of alteration indefinitely increased: this will not cause the value of p just 
given to become illusory for points situated without the plane ay. 
If it be convenient to use polar co-ordinates in the plane wy, putting w= qcosw, y =¢q sina, 
wv =q cosw, y =q sinw, and replacing f(a’, y’) by f(q', w), the equation just given becomes 
i fQ; &) dq do 
hs a she $q? +g — 2qq' cos (w — w') + 2°} 3 
To apply this to the case of a sphere oscillating in a fluid perpendicularly to a fixed rigid 
plane, let a@ be the radius of the sphere, and let its centre be moving towards the plane with 
a velocity C at the time ¢. Then, (Art. 4), we may calculate the motion as if it were produced 
directly by impact. Let A be the distance of the centre of the sphere from the fixed plane 
at the time ¢, and let the line h be taken for the axis of x, and let 7, 0, be the polar co-or- 
dinates of any point of the fluid, 7 being the distance from the centre of the sphere, and @ the 


angle between the lines x and hk. Then if the fluid were infinitely extended around the sphere 
we should have 


Ca cos 6 7 
= Bl OE SE ee ee cer (15) 
The velocity of any particle, resolved in a direction towards the plane, = —~cos@ ——~sin@ 


rd@ 
Ca’ : 
— {cos @ — 4 sin’ 6}. 
For a particle in the plane wy we have 
reos@=h, rsind=q, 


and the above velocity becomes 
Ca’ (2h? —-q”*) 
2(? + 4")? 
We must now, according to the method explained in (Art. 6), suppose the several points of 
the plane wy moved with the above velocity parallel to x. We have then 
Less Ca (2h? -q” 
fQ,0) = sed fal) 3 
2(h? + 4°)? 
whence, for the motion of the sphere reflected from the plane, 
--S f° i (2h? — q*)qdqdw 
Oy ee q?y'§ Sq + q° — 299 cos (w—w') + x}? 


We must next find the velocity, corresponding to this value of @, with which the fluid pene- 
trates the surface of the sphere. We have in general 


x=h-rcos0, gq=rsin@, 
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whence {q° + q* — 2qq' cos(w —w’) +2°}-2= fh? + 7° + q°— 2hr cosO — 2q'r sin 8 cos (w — w’)} 3. 

Now supposing the ratio of a to h to be very small, and retaining the most important term, the value 
d - , : : 

of au when r =a will be equal to the coefficient of + when @ is expanded in a series ascend- 
;: 


ing according to powers of 7, 


Ca 2 MG (2h* — q”) Sh cos8+q/' sin @ cos (w — w')i d'dqdw' 


4n J, J, (h* + q’*)* 
» (2h? — ¢*)qdq Ca’ cos 0 E 
= - 4Cath cos f Sd (dk wp nL Ta) lagna (17). 
In order now to determine the motion reflected from the plane and again from the sphere, 
3 
we must suppose the several points of the sphere to be moved with a normal velocity cose 
t 


or, which is the same, we must suppose the whole sphere to be moved towards the plane with 
3 


a velocity a Hence the value of @ corresponding to this motion will be given by the equation 
h 
Ca’ cos @ as) 
p= ene oC One ESOF 


For points at a great distance from the centre of the sphere, the motion which is twice 
reflected will be very small compared with that which is but once reflected. For points close to 
the sphere however, with which alone we are concerned, those motions will be of the same order 
of magnitude, and if we take account of the one we must take account of the other. 

Putting q=rsin@, x =h—-~rcos@ in (16), expanding, and retaining the two most important 
terms, we have 

a’r cos 0 


=C (x - a) Poe er eee (hs 


K being a constant, the value of which is not required, and the second term being evidently found 
by multiplying the quantity at the second side of (17) by r. Adding together the parts of @ 


: d : 
given by equations (15), (18) and (19), putting * = a, replacing C by a and taking for h the 


value which it has in equilibrium, just as in the case of the oscillating cylinder in Article 8, we 
have for the small motion of the sphere 
dp Fang _4a (: =) dC 
dt dt 2 
The resultant of the part of the pressure due to the first term is zero: that due to the 


: : : ; sa 
second term is greater than if the plane were removed in the ratio of l+oa to 1. Conse- 
4 


quently, if we neglect quantities of the order aa? the effect of the inertia of the fluid is, to add 
h 
3 


Ist (1425 
a mass equal to = 
4 pie 


of the latter about its diameter. The effect therefore of a large spherical case is eight times as 
great as that of a tangent plane to the case, perpendicular to the direction of the motion of 
the ball. 

The effect of a distant rigid plane parallel to the direction of motion of an oscillating 
sphere might be calculated in the same manner, but as the method is sufficiently explained by 
the first case, it will be well to employ the artifice before alluded to, an artifice which is fre- 

a2 


) “ to that of the sphere, without increasing the moment of inertia 
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quently employed in this subject. It consists in supposing an exactly symmetrical motion to 
take place on the opposite side of the rigid plane, by which means we may evidently conceive 
the plane removed. 

Let the sphere be oscillating in the direction of the axis of », the oscillations in this case, as 
in the last, being so small that they may be taken as rectilinear in calculating the motion of the 
fluid ; and instead of a rigid plane conceive an equal sphere to exist at an equal distance on the 
opposite side of the plane wy, moving in the same direction and with the same velocity as the 
actual sphere. Let 7, 0, , be the polar co-ordinates of any particle measured from the centre of the 
sphere, @ being the angle between 7 and a line drawn through the centre parallel to the axis of x, 
and w the angle which the plane passing through these lines makes with the plane vz. Let 7’, 0, w’, 
be the corresponding quantities symmetrically measured from the centre of the imaginary sphere. 

If the fluid were infinite we should have for the motion corresponding to that of the given 
sphere 

tis 
p=- Caieor’ sacard000s Sc0ndc00- (20). 


Oy? 


The motion reflected from the plane is evidently the same as that corresponding to the motion 
of the imaginary sphere in an infinite mass of fiuid, for which we have 


Now 7’ cos 6’ =7 cos 0, 7 sin@’ sinw =r sin@sinw, 7 sin@’ cosw +7 sin @ cosw = 2h; 
whence 7? = 7° + 4h? — 4hr sin 0 cosa, 


and equation (21) is reduced to 


Ca*r cos 0 
Re 2 fr + 4h? - 4hr sin @ cos wt?” 
sas ar rt d ‘a 
Retaining only the terms of the order om or 7B? so as to get the value of mi to the order 7? 
v dr t 
the above equation is reduced to 
Ca*®r cos @ 


sSade cited tepeoatede sei 22)} 


2. 

dp ; : EON 
and the value of —- when r=a is, to the required degree of approximation, 

dr 2 

Ca’® cos 0 
16/3 

For the value of @ corresponding to the motion of the imaginary sphere reflected from the real 
sphere, we shall therefore have 


p — pe sen Pose eerer sees veseosseeees (23). 


Adding together the values of @ given by (20), (22) and (23), putting r =a, and replacing 
dC we ee 
C by ape we have, to the requisite degree of approximation, 
d a Sa Nae 
p (: mS = 
16 h? 
Hence in this case the motion of the sphere will be the same as if an additional mass equal to 


3 a A : oh ie eee 
(2 LG a “ were collected at its centre. The effect therefore of a distant rigid plane which is 
Le a2 
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parallel to the direction of the motion of a ball pendulum will be half that of a plane at the 
same distance, and perpendicular to that direction. It would seem from Poisson’s words at page 
562 of the eleventh volume of the Mémoires de l'Institut, that he supposed the effect in the 
former case to depend on a higher order of small quantities than that in the latter. 

If the ball oscillate in a direction inclined to the plane, the motion may be easily deduced 
from that in the two cases just given, by means of the principle of superposition. 


11. The values of @ which have been given for the motion of translation of a sphere and 
cylinder, do not require us to suppose that either the velocity, or the distance to which the 
centre of the sphere or axis of the cylinder has been moved is small, provided the same particles 
remain in contact with the surface. The same indeed is true of the values corresponding to a 
motion of translation combined with a motion of contraction or expansion which is the same in 
all directions, but varies in any manner with the time. The value of @ corresponding to a motion 

2 7 
of translation of the cylinder is - es C being the velocity of the axis, and 6 being 
measured from a line drawn in the direction of its motion. The whole resultant of the part of 
the pressure due to the square of the velocity is zero, since the velocity at the point whose co- 
ordinates are 7, 9, is the same as that at the point whose co-ordinates are 7 and 7—@. ‘To find the 


; d > St : 
resultant of the part depending on 7 it will be necessary to express @ by means of co-ordinates 


referred to axes fixed in space. Let Ow, Oy, be rectangular axes passing through the centre of 
any section of the cylinder, @ the angle which the direction of motion of the axis makes with 
Ow, 0 the inclination of any radius vector to Ow; then 


Ca® , eal 
p = —- —(r cos cos@ + r sin @ sin @) 
z 


a’ (C’a + C’y) 
- ery? ; 
putting C’ and C” for the resolved parts of the velocity C along the axes of w and y respectively. 


Taking now axes 4a’, Ay’, parallel to the former and fixed in space, putting a and for the 
: : ape : . da . d ‘. 
co-ordinates of O, differentiating @ with respect to ¢, and replacing qi by C’, and = by C", 
( 
and then supposing a and #3 to vanish, we have 


af dC’ =) 
a’ \vw—+y 


vty 


dp _ aC? _ 2a*(C’x + C"y)’ 


The resultant of the part of the pressure due to the first two terms is zero, since the pressure 
at the point (x, y) depending on these terms is the same as that at the point (-2,—y). It 
will be easily found that the resultant of the whole pressure parallel to x, and acting in the 


negative direction, on a length / of the cylinder, is equal to zp/la® ae and that parallel to y 


” 


equal to pla - The resultant of these two will be rpla?F, where F is the effective force 


of a point in the axis of the cylinder, and will act in a direction opposite to that of F. Hence 
the only effect of the motion of the fluid will be, to increase the mass of the cylinder by that of 
the fluid displaced. In a similar manner it may be proved that, when a solid sphere moves in 
any manner in an infinite fluid, the only effect of the motion of the fluid is to increase the mass 
of the sphere by half that of the fluid displaced. 
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A similar result may be proved to be true for any solid symmetrical with respect to two 
planes at right angles to each other, and moving in the direction of the line of their intersection 
in an infinitely extended fluid, the solid and fluid having been at first at rest. Let the planes 
of symmetry be taken for the planes of wy and wx, the origin being fixed in the body: then it 
is evident that the resultant of the pressure on the solid due to the motion will be in the direction 
of the axis of a, and that there will be no resultant couple. Let C be the velocity of the solid 
at any time; then the value of @ at that time will be of the form Cy(a, y, x), where C alone 
contains ¢, (Art. 4), and the velocity of the particle whose co-ordinates are w, y, #, being pro- 
portional to C, the vis viva of the solid and fluid together will be proportional to C*. Now if no 
forces act on the fluid and solid, except the pressure of the fluid, this vis viva must be constant*; 
therefore C must be constant; therefore the resultant of the fluid pressure on the solid must be 
zero. If now C be a function of ¢ we shall have 


dC as 
p=-p (2%, ¥, 2) eee Oe 


p’ being the pressure when C is constant. Since therefore the resultant of the fluid pressure 


5 ; ; dC : : 7 : 
varies for the same solid and fluid as aie the effective force, and for different fluids varies as p> 


the effect of the inertia of the fluid will be, to increase the mass of the solid by m times that of 
the fluid displaced, 2 depending only on the particular solid considered. 

Let us consider two such solids, similar to each other, and having the co-ordinates planes 
similarly situated, and moving with the same velocities. Let the linear dimensions of the second 
be greater than those of the first in the ratio of m to 1. Let w, v, w, be the velocities, parallel 
to the axes, of the particle (wv, y, x) in the fluid about the first; then shall the corresponding 
velocities at the point (ma, my, mz) in the fluid about the second be also wv, v, w. For 


udma+vdmy +wdmz =m(uda + vdy + WZ) ceccecceeceeeee (24), 


and is therefore an exact differential, since wda+vdy+wdzx is one: also the normal at the 
point (wv, y, x) in the first surface will be inclined to the axes at the same angles as the normal 
at the point (ma, my, mz) of the second surface is inclined to its axes, and therefore the normal 
velocities of the two surfaces at these points are the same; and the velocities of the fluid at these 
two points parallel to the axes being also the same, it follows that the normal velocity of each point 
of the second surface is equal to that of the fluid in contact with it. Lastly, the motion about 
the first solid being supposed to vanish at an infinite distance from it, that about the second will 
vanish also. Hence the supposition made with respect to the motion of the fluid about the second 
surface is correct. Now putting @ for [(wdx+vdy +wdz) for the fluid in the first case, the 
corresponding integral for the fluid in the second case will be m@, if the constant be properly 
chosen, as follows from equation (24). Consequently the value of that part of the expression for 
the pressure, on which the resistance depends, will be m times as great for any point in the 


* If an incompressible fluid which is homogeneous or hetero- 
geneous, and contains in it any number of rigid bodies, be in 
motion, the rigid bodies being also in motion, if the rigid bodies 
are perfectly smooth, and no contacts are formed or broken among 
them, and if no forces act except the pressure of the fluid, the 
principle of vis viva gives 

dmv? 

dt 
where v is the whole velocity of the mass m, and the sign 5 ex- 
tends over the whole fluid and the rigid bodies spoken of, and 
where dS is an element of the surface which bounds the whole, 
p, the pressure about the element dS, and v the normal velocity of 


= Lp, VO is scvcccwnteconcesasescs (a), 


the particles in that element, reckoned positive when tending into 
the fluid, and where the sign // extends to all points of the bound- 
ing surface. To apply equation (a) to the case of motion at 
present considered, let us first confine ourselves to a spherical 
portion of the fluid, whose radins is 7, and whose centre is near 
the solid, so that dS refers to the surface of this portion. Let us 
now suppose 7 to become infinite: then the second side of (a) will 
vanish, provided p, remain finite, and vy decrease in a higher ratio 


than s. Both of these will be true, (Art. 9.); for v will vary 


’ a a 4 
ultimately as ja» Since there is no alteration of volume. Hence 


if the sign = extend to infinity, we shall have 2mv? constant. 
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second case as it is for the corresponding point in the first. Also, each element of the surface 
of the second solid will be m* times as great as the corresponding element of the surface of the 
first. Hence the whole resistance on the second solid will be m* times as great as that on the 
first, and therefore the quantity 2 depends only on the form, and not on the size of the solid. 

When forces act on the fluid, it will only be necessary to add the corresponding pressure. 
Hence when a sphere descends from rest in a fluid by the action of gravity, the motion will be 
the same as if a moving force equal to that of the sphere minws that of the fluid displaced 
acted on a mass equal to that of the sphere plus half that of the fluid displaced. For a cylinder 
which is so long that we may suppose the length infinite, descending horizontally, every thing 
will be the same, except that the mass to be moved will be equal to that of the cylinder plus 
the whole of the fluid displaced. In these cases, as well as in that of any solid which is sym- 
metrical with respect to two vertical planes at right angles to each other, the motion will be 
uniformly accelerated, and similar solids of the same material will descend with equal velocities. 
These results are utterly opposed even to the commonest observation, which shews that large 
solids descend much more rapidly than small ones of the same shape and material, and that the 
velocity of a body falling in a fluid, (such as water), does not sensibly increase after a little 
time. It becomes then of importance in the theory of resistances to inquire what may be the 
cause of this discrepancy between theory and observation. The following are the only ways of 
accounting for it which suggest themselves to me. 

First. It has been supposed that the same particles remain in contact with the solid through- 
out the motion. It must be remembered that we suppose the ultimate molecules of fluids, (if such 
exist), to be so close that their distance is quite insensible, a supposition of the truth of which 
there can be hardly any doubt. Consequently we reason on a fluid as if it were infinitely divisible. 
Now if the motion which takes place in the cases of the sphere and cylinder be examined, sup- 
posing for simplicity their motions to be rectilinear, it will be found that a particle in contact 
with the surface of either moves along that surface with a velocity which at last becomes in- 
finitely small, and that it does not reach the end of the sphere or cylinder from which the whole 
is moving until after an infinite time, while any particle not in contact with the surface is at 
last left behind. It seems difficult to conceive of what other kind the motion can be, without 
supposing a line, (or rather surface) of particles to make an abrupt turn. If it should be said 
that the particles may come off in tangents, it must be remembered that this sort of motion is 
included in the condition which has been assumed with respect to the surface. 

Secondly. The discrepancy alluded to might be supposed to arise from the friction of the 
fluid against the surface of the solid. But, for the reason mentioned in the beginning of this 
paper, this explanation does not appear to me satisfactory. 

Thirdly. It appears to me very probable that the spreading out motion of the fluid, which 
is supposed to take place behind the middle of the sphere or cylinder, though dynamically possible, 
nay, the only motion dynamically possible when the conditions which have been supposed are 
accurately satisfied, is unstable; so that the slightest cause produces a disturbance in the fluid, 
which accumulates as the solid moves on, till the motion is quite changed. Common observation 
seems to shew that, when a solid moves rapidly through a fluid at some distance below the 
surface, it leaves behind it a succession of eddies in the fluid. When the solid has attained its 
terminal velocity, the product of the resistance, or rather the mean resistance, and any space 
through which the solid moves, will be equal to half the vis viva of the corresponding portion 
of its tail of eddies, so that the resistance will be measured by the vis viva in the length of two 
units of that tail. So far therefore as the resistance which a ship experiences depends on the 
disturbance of the water, which is independent of its elevation or depression, that ship which 
leaves the least wake ought, according to this view, to be ceteris paribus the best sailer. The 
resistance on a ship differs from that on a solid in motion immersed in a fluid in the circumstance. 
that part of the resistance is employed in producing a wave. 
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Fourthly, the discrepancy alluded to may be due to the mutual friction, or imperfect fluidity 
of the fluid. 


12. Motion about an elliptic cylinder of small eccentricity. 

The value of @, which has been deduced, (Art. 8), for the motion of the fluid about a cireular 
cylinder, is found on the supposition that for each value of 7 there exists, or may be supposed 
to exist, a real and finite value of @. This will be true, in any case of motion in two dimensions 
where wdwx + vdy is an exact differential, for those values of rv for which the fluid is not interrupted, 
but will be true for values of + for which it is interrupted by solids only when it is possible to 
replace those solids at any instant by masses of fluid, without affecting the motion of the fluid 
exterior to them, those masses moving in such a manner that the motion of the whole fluid might 
have been produced instantaneously by impact. In some cases such a substitution could be made, 
while in others it probably could not. In any case however we may try whether the expansion 
given by equation (3) will enable us to get a result, and if it will, we need be in no fear that it’ 
is wrong, (Art. 2). The same remarks will apply to the question of the possibility of the ex- 
pansion of @ in the series of Laplace’s coefficients given in equation (10), for values of r for 
which the fluid is interrupted. They will also apply to such a question as that of finding the per- 
manent temperature of the earth due to the solar heat, the earth being supposed to be a homogeneous 
oblate spheroid, and the points of the surface being supposed to be kept up to constant temperatures, 
given by observation, depending on the latitude. 

In cases of fluid motion such as those mentioned, the motion may be determined by conceiving 
the whole mass of fluid divided into two or more portions, taking the most general value of 
for each portion, this value being in general expressed in a different manner for the different 
portions, then limiting the general value of @ for each portion so as to satisfy the conditions 
with respect to the surfaces of solids belonging to that portion, and lastly introducing the con- 
dition that the velocity and direction of motion of each pair of contiguous particles in any two 
of the portions are the same. _The question first proposed will afford an example of this method 
of solution. 

Let an elliptic cylinder be moving with a velocity C, in the direction of the major axis of a 
section of it made by a plane perpendicular to its axis. The motion being supposed to be in two 
dimensions, it will be sufficient to consider only this section. Let 


r = c(1 + € cos 26) 


be the approximate equation to the ellipse so formed, the centre being the pole, and powers of e¢ 
above the first being neglected. Let a circle be described about the same centre, and having a radius 
ry equal to (1 + k)e, k being fe, and being a small quantity of the order e. Let the portions of 
fluid within and without the radius vy be considered separately, and putting 


r=Ce+2; 
let the value of @ corresponding to the former portion be 


P+Qz+ kx, 
P, Q and R being functions of 6, and the term in x* being retained, in order td-get the value of s 
r 


true to the order e, while the terms in °, &c. are omitted. Substituting this value of @ in 
equation (2), and equating to zero coefficients of different powers of z, we have 


which is the only condition to be satisfied, since the other equations would only determine the co- 
efficients of s*, &c. in terms of the preceding ones. We have then 
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ape 
p= P+ Qe- 2 (a+ : eee aeeee meri(25): 


Now if & be the angle between the normal at any point of the ellipse, and the major axis, we have 
E =0 + 2esin 26, 
and the velocity of the ellipse resolved along the normal 
= Cos § = C (1 — €) cosO + Ce cos 30......,..(26). 
The velocity of the fluid at the same point resolved along the normal is 


dp 99 2D 
ap 1 2e sin 20 FG» 

or “Le + — sin 29 WP SAPSR CCEA (27) 
dz c 


Let P and Q be expanded in series of cosines of @ and its multiples, so that 
P=37P,cosn0@, Q=;Q,cosnO, 

there being no sines in the expansions of P and Q, since the motion is symmetrical with respect to 

the major axis ; then 


x 1 . ; 
p= >> {P+ Q,2- 55 (Q- =P) x4} COBMLG s aaicatie ea eae (28) ; 


d = 1 n 
= = 2 §Q, - - (Q, - = Pe COR GIG. Men wncnsancmuneon|teOes 
1 d Dn Jay Q,, PB LJ C 
—- - 3in{ 4 (= - 2) hsinne shea Ac. ianee ies snns, (80): 
For a point in the ellipse, x=cecos20, whence from (27), (29) and (30), we find that the 
normal yelocity of the fluid 
o P. & 
= >> {Q, cos 0 + sl” (n — 2) = — Q,,] cos (m — 2)0 + <n (n + ee — Q,] cos (x + 2) 8}, 


which is the same thing as 


ec 


if we suppose P and Q to be zero when affected with a negative suffix. This expression will 
have to be equated to the value of C cos — given by equation (26). 


For the part of the fluid without the radius y we have 


= IP-x. Pa 
PF {5 [m (m —“) =a — Q,-2] + Q, + s(n (n + 2)— - Q..s]} cosn@ ...... (31), 


A 
p = A, logr + SY = cos n@*, 
n 
since there will be no sines in the expression for @, because the motion is symmetrical with 
respect to the major axis, and no positive powers of 7, because the velocity vanishes at an infi- 
nite distance. 
From the above value of @ we have, for the points at a distance y from the centre, 


d A nA 
oY > ie acon OS 


dr ¥ RON 


* The first term of this expression is accurately equal to zero, | problem in the present article independent of the proposition 
since there is no expansion or contraction of the solid, (Art. 8). | referred to. 
I have however retained it, in order to render the solution of the 


Vor. VILL. Parr I. R 
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oD ase nA, 


yr sin 26. 


Equating the above expressions to the velocities along and perpendicular to the radius vector 
given by equations (29) and (30), when = is put = ke, and then equating coefficients of cor- 
responding sines and cosines we have 


1 nA 
wae x n z 
(1 -k)Q,+ kn er Uh Abas ait We AE (32), 
iz A, 
(I) ADs =) cone ncomeancanase (eh) 
c ry, 
when 2>0, and equating constant terms we have 
A 
@ 7 k) Q = — > 
from which equation with (32) and (33) we have, putting y = (1 + k)e, 
eA nA, A, 
en Fa (a soe when 2>0, and Q=oer 


Substituting these values in the expression (31), it becomes 


A nA, A, 2 A e A, 
cosn 8 + — — >~ cos 2 0. 
ce 


n—2 n+ 
=i 
co crt} ents ~zC 


aye € 
=[£@+)@-2) +=(n +1) (m+ 2) 
In the case of a circular cylinder the quantities 4,, 4,, 43, &c. are each zero. In the present 
case therefore they are small quantities depending on e. Hence, neglecting quantities of the order 
e in the above expression, it becomes 
A 2A, 


—+ 
c 


on A, 


cos 30 — 2A Ea 
ce 


= cos 20, 
c 


which must be equal to C {(1 —«)cos@+ecos30}. Equating coefficients of corresponding 
cosines, we have 

A,=-C(1-e)e’, 

A; = —yClecss 
and the other quantities 4,, A,, &c. are of an order higher than e. Hence, for the part of 
the fluid which lies without the radius y, we have 


2 4 
p= - C {1-6 — cos 0 + cos 50}, er a (34), 


and for the part which lies between that radius and the ellipse we have from (28) 


gp = —- Ce{(1 -c) cos@ +€cos36} + C§(1 — €) cos + Se cos 30} 


The value of @ given by equation (35) may be deduced from that given by equation (34) 
by putting 7 =c +x, and expanding as far as to z*. In the case of the elliptic cylinder then it 
appears that the same value of @ serves for the part of the fluid without, and the part within 
the radius y. If the cylinder be moving with a velocity C’ in the direction of the minor axis of a 
section, the value of will be found from that given by equation (34) by changing the sign of e, 
putting C’ for C, and supposing @ to be measured from the minor axis. 
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If the cylinder revolve round its axis with an angular velocity w, the normal velocity of 
the surface at any point will be 2wee sin20. Since e* is neglected, we may suppose this normal 
velocity to take place on the surface of a circular cylinder whose radius is c; whence, (Art. 8), the 


corresponding value of @ will be 


wec* 


sin 20. 


If we suppose all these motions to take place together, we have only, (Art. 5), to add together 
the values of ¢ corresponding to each. If we suppose the motion very small, so as to neglect the 


: ‘ d dC CHO! 
square of the velocity, we need only retain the terms depending on a of ag and — in the 
dp 


value of Be and we may calculate the pressure due to each separately. The resultant of the 


dw . : 
pressure due to the term ae will evidently be zero, on account of the symmetry of the corre- 


sponding motion, while the resultant couple will be of the order e*, since the pressure on any 
point of the surface, and the perpendicular from the centre on the normal at that point, are each of 


dC, : : Ria Ae 
the order «. The pressure due to the term ae will evidently have a resultant in the direction 


of the major axis of a section of the cylinder; and it will be easily proved that the resultant 


dC’ 
pressure on a length / of the cylinder is rpe*l (1 — 2e) as That due to the term = will be 
C 


d : ; : : : Z 
mpel(1 + 2e) aie acting along the minor axis. If the cylinder be constrained to oscillate so that 


its axis oscillates in a direction making an angle a with the major axis, and if C” be its velocity, 
which is supposed to be very small, the resultant pressures along the major and minor axes will be 
id 


” 


d ° a ps . P 
uw (1 —2e) cosa ar and » (1 + 2e) sina ae respectively, where » is the mass of the fluid displaced. 
r dt S 


" 
Resolving these pressures in the direction of the motion, the resolved part will be « (1 —2¢ cos 2a) Tae 


? 
e i 
or (1 — = cos 2a) ae being the eccentricity ; so that the effect of the inertia of the fluid will be, 


2 


fs . ce 7 
to increase the mass of the solid by a mass equal to » (1 — > cos 2a), which must be supposed to be 


collected at the axis. 


A similar method of calculation would apply to any given solid differing little either from 
a circular cylinder or from a sphere. In the latter case it would be necessary to use expansions 
in series of Laplace’s coefficients, instead of expansions in series of sines and cosines. 


13. Motion of fluid in a closed box whose interior is of the form of a rectangular parallelopiped. 


The motion being supposed to begin from rest, the motion at any time may be supposed 
to have been produced by impact (Art. 4). The motion of the box at any instant may be 
resolved into a motion of translation and three motions of rotation about three axes parallel to 
the edges, and passing through the centre of gravity of the fluid, and the part of @ due to 
each of these motions may be calculated separately. Considering any one of the motions of 
rotation, we shall see that the normal velocity of each face in consequence of it will ultimately 
be the same as if that face revolved round an axis passing through its centre, and that the 
latter motion would not alter the volume of the fluid. Consequently, in calculating the part of 


R2 
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@ due to any one of the angular velocities, we may calculate separately the part due to the motion 
of each face. 

Let the origin be in a corner of the box, the axes coinciding with its edges, Let a, b, e, 
be these edges, U, V, W, the velocities, parallel to the axes, of the centre of gravity of the interior 
of the box, w, w’, iol”, the angular velocities of the box about axes through this point parallel 
to those of xv, y, x. Let us first consider the part of @ due to the motion of the face wz in 
consequence of the angular velocity w” 

The value of @ corresponding to this motion must satisfy the equation 

2 2 
g ans g SoM tate Ane One tes (36), 
da + ay? 


with the conditions 
d 


sie 0) whem =O OW W ccnsssseoecaceaceacee on) 5 
ev 


d 
if =105, When 4/)=! Ole nieesis else eel nea (SS), 


within limits corresponding to those of the box. 
Now, for a given value of y, the value of @ between «= 0 and «=a can be expanded in a 


- 0 Te 5 : 5 : 2 = 
convergent series of cosines of — and its multiples; and, since (37) is satisfied, the series by 
a 


d 
which ss will be expressed will also hold good for the limiting values of «, and will be conver- 
Ya 


NT x aes : 

gent. The general value of @ then will be of the form 2; Y,cos ——. Substituting in (36), 
a 

and equating coefficients of corresponding cosines, which may be done, since any function of # can 

be expanded in but one such series of cosines between the limits 0 and a, we find that the 


ny 


general value of Y, is Genre C’e «@, or, changing the constants, 
nam (b—y) na (b—y) ney nary 
Y,=A,(e * +e « )+B(e*@ +e @), 
when nm > 0, and for 2 =0, 
Via Aye Bi. 
From the condition (38) we have 


nh nwb NTL 


A,+— aes nB,(e 4 —e @) cos =0 
a 


whence 4,=0, B,=0, and, aaitthe 13} 


n™(b—- y) nz(b—y) Mr x 


p=; 4, (€ a +¢€ @ )cos 


a 
From the condition (39), we have 


nth azbh > 
Nx a 
— 2 3rnA, (e* —e 4) cos =o" («-<). 
a \ 


Determining the coefficients in the usual manner, we have 


2 nth atin _ 
Aya f-(ay}(er-e*) , 
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whence , 
nm(b—y) nm(b—y) 
2 mn SS SS ——— 
CC a0) i [A a a Nv 
p a 3 = = 3 nb xb cos ? 
7 VLA a ir 
€ a —€E a 


putting =,, for shortness, to denote the sum corresponding to odd integral values of x from 1 to < . 

It is evident that the value of @ corresponding to the motion of the opposite face in con- 
sequence of the angular velocity w” will be found from that just given by putting b —y for y, 
and changing the sign of w’”; whence the value corresponding to the motion of these two faces 
in consequence of w”’ will be 


nih amy anh nwy 
mn — -————— -— — 
4m a? _ 1 (€4 —1l)e 4 +(e * —1)e4 aw 
rT TR) nth _amb coe an ‘ 
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Let this expression be denoted by w’’W(a, a, y, 6). It is evident that the part of @ due 
to the motion of the two faces parallel to the plane yx will be got by interchanging 2 and y, 
a and b, and changing the sign of w”” in the last expression, and will therefore be-w” W(y, b, x, a). 
The parts of @ corresponding to the angular velocities w', w’, will be got by interchanging the 
requisite quantities. Also the part of p due to the velocities U, V, W, will be Ux + Vy + We, 
(Art. 7), and therefore we have for the complete value of @ 


Ua+ Vy + We+ wo” IW (a, a, y, b) - Wy, b, vs a)} z. w IW (ys b, % ce) -W(%, 6 y, b)} 
+" f(x, ¢, v, a) — W(@, a, 2, c)}. 

According to Art. 7 we may consider separately the motion of translation of the box and 
fluid, and the motion of rotation about the centre of gravity of the latter; and the whole pressure 
will be compounded of the pressures due to each. The pressures at the several points of the box 
due to the motion of translation will have a single resultant, which will be the same as if the 
mass of the fluid were collected at its centre of gravity. Those due to the motion of rotation 
will have a single resultant couple, to calculate which we have 


p= w” IV (a, a, y, 6) —W(y, b, x, a)t + &e. 


Since for the motion of rotation there is no resultant foree, we may find the resultant couple 
of the pressures round amy origin, that for instance which has been chosen. If now we suppose 


F : d “e 
the motion very small, so as to neglect the square of the velocity, we may find e as if the 
z ri 


axes were fixed in space. We have then for the motion of rotation 


; da : 
i ers {Wy (a, a, y, b) — Wy, b, wv, a)} — &e. 


wie w dw dw’ 
Hence we may calculate separately the couples due to each of the quantities maeu ae and ae 
/ d 


”r 


dw 


It is evident from the symmetry of the motion that that due to will act round the axis 


of s, and that the pressures on the two faces perpendicular to that axis will have resultants 
which are equal and opposite. Also, since y(a, a, y, 6) = — (0, a, y, 6) and w (a, a, b, b) 
= — W (a, a, 0, b), it will be seen that the couples due to the pressures on the faces perpen- 
dicular to the axes of w and y will be twice as great respectively as those due to the pressures 
on the planes yz and wx. The pressure on the element dydx of the plane yz will be p,_,dydz, 
and the moment of this pressure round the axis of x, reckoned positive when it tends to turn 
the box from «x to y, will be 
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dw” 
a dt 


yi (0, a, y, b) — Wy, 6, 0, a) dydz. 


Substituting the values of the functions, integrating from y = 0 to y =6, and from x =0 to x= ¢, 
4 


1 
replacing >, i by its value sé , and reducing the other terms, it will be found that the couple 


due to the pressure on the plane yx is 


als 7 inne 
pa'be dw” 8pa'c dw” 5 Ay Jl — eee 8pbic dw S 1 l-e 
24 dt  -® dt ~°n' a ede ge 
l+e % et renee 


We shall get the couple due to the pressure on the plane wz by interchanging a and 6, 
changing the sign of w””, and measuring the couple in the opposite direction, or, which is the same, 
by merely interchanging @ and b. Adding together these two couples and doubling their sum 


nn d wa 
we shall find that the couple due to q is — C where 
nb ara 
52pe 1 ion o l-e » pabe P 
Ca es 3 ofa aaa = - = (GC ee wecnanaste (40) 
iene Leen 


d d , 
Similarly, the couple due to = will be — A = tending to turn the box from y to x, and 


d ? : 
that due to = will be — B ==) tending to turn the box from z to w, where A and B are 


derived from C by interchanging the requisite quantities. Hence, considering’ the motions both 
of translation and rotation of the box, we see that the small motions of the box will take place 
as if the fluid were replaced by a solid having the same mass, centre of gravity, and principal 
axes, and having 4, B and C for its principal moments. This will be true whether forces act 
on the fluid or not, provided that if there are any they are of the kind mentioned in Art. 1. 


Putting 4, B,, C,, for the principal moments of inertia of the solidified fluid we have 


é 


POE On. a 
C= 6 (a? + b*). 


Taking the ratio of C to C,, replacing each term such as 


_nmb awh 
Lacan Ze 4 : B84) il 
— by 1-——;» putting for — ,— 
_unb _ and = 5 
l1+e @ l+e «a 


. 384 . 4 
its approximate value 1°260497, and for —, its approximate value 1'254821, and employing sub- 
TT 


sidiary angles, we have 
3 


} ey ai + bt 1 ae 
7 ——— — versin 20, 
ab(a’ + 6°) y 


— 1:254821 ; ——_—__ 5 
ts (a’ + b*) nt 


oo 1:26 
Cc 


63 1 E ; 
+ —— > Do = Versin 26',7 — 1, 
a(a +b) 
nth nTa 


where tan@,=e 24, tan@’,=e 2, so that 


nb } na 
Ltan@,=10-k—, Ltan@’,=10-k& ae where k = °6821882. 
a 
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The numerical calculation of this ratio is very easy, on account of the great rapidity with 
which the series contained in it converge, both on account of the coefficients, and on account of the 


’ 


rapid diminution of the angles @, and @’,. The values of 4 and = will be derived from that of ral 


‘ 


by putting c for a@ in the first case, and ¢ for b in the second. The calculation of the small motions 
of the box will thus be reduced to a question of ordinary rigid dynamics. 

These results appear capable of being accurately compared with experiment. For this purpose 
it will only be necessary to attach a box, capable of containing fluid, to a rigid body oscillating 
as a pendulum. The box may itself form the rigid body. The centre of gravity of the interior 
of the box should be in a vertical plane passing through the axis of suspension, which will be known 
by observing whether the position of equilibrium of the whole is affected by filling the box with 
fluid. The mass, moment of inertia, and depth of the centre of gravity of the solid, including the 
box, must first be found. The last of these may be found by loading the upper part of the 
oscillating body till the equilibrium just becomes unstable: the moment of inertia will then be found 
by means of the time of oscillation when the weight is removed ; or else both may be determined by 
the times of oscillation when the solid is loaded with another of known mass and form and placed in 
a known position, and again when it is not loaded. The same must then be done when the box is 
filled with fluid. We shall thus determine the moment of inertia and depth of the centre of 
gravity of the fluid; and, subtracting the moment of inertia due to the motion of translation of the 
fluid, we shall thus get that due to the motion of rotation of the box, and thus determine in 
succession by observation the quantities 4, B and C, or any one of them. These quantities might 
also be determined by making the box oscillate by torsion, and observing the time of oscillation. It 
must be remembered that the moment of inertia due to the motion of translation of the centre 
of gravity of the fluid, being capable of being derived from the general dynamical principle, that the 
motion of the centre of gravity of any system is the same as if the whole mass were collected there, 
and the external moving forces applied there, is of no use whatever in determining the question 
of the equality of the pressure in all directions, or that of the amount of friction. It would seem to 
be most convenient to have the centre of gravity of the fluid im the axis of suspension. In this case 
if M, M’, be the masses of the solid eid fluid, uw, w, their moments of inertia, ¢, ¢’, the times 
of oscillation, in seconds, when the box is empty and when it is full respectively, the depth of the 
centre of gravity of the solid, / the length of the second’s pendulum, we have 


aw=l? Mh, 
pte =1t? Mh; 
whence yp’ = 1(t'* — t?) Mh. 


If the centre of gravity of the fluid be at a depth h’ below the axis of suspension, we shall have 
pi =1(t? —¢?) Mh +1t* M’h’; in this case p’— M’h’* will be the moment of inertia due to the 
motion of rotation of the box. 

When one of the quantities a, b, becomes infinitely great compared with the other, the ratio 


<. becomes 1, as will be seen from equation (40). This result might have been expected. When 


‘ 


a = b the value of < Is °156537. 


é 
The experiment of the box appears capable of great variety as well as accuracy. We may take 
boxes in which the edges have various ratios to each other, and may make the same box oscillate in 
various positions. 


15. Initial motion in a rectangular bow, the several points of the surface of which are moved 
with given velocities, consistent with the condition that the volume of the fluid is not altered. 


e 
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Employing the same notation as in the last case, let # (a, y) be the given normal velocity at any 
point of the face in the plane ay. Let fe ey F(a, y) dwdy = Wab, and let 


F(a,y)=f(#,y)+W: 
then, since the normal motion of the above face due to the function f(a, y) does not alter the 
volume of the fluid, we may consider separately the part of @ due to this quantity. For this 


part we have 
d? d” d’ 
go ap ap 


= OP onoaao piataietololeietateote 41 
da dy dx (41); 
with the conditions 
d 
baie S05 WANG Wis OP OP Gon gosdoacesn86 (42), 
dx 
d 


ap a: when y=0 or 6 ......... 


Aacoa (C'S)5 


—1-= 10,9 WHEN ES JCpsanieeecce cise nr neeced (24) 


he 
5- = fe; nr WETS —(Olsoctdectecnvetete se (45), 
within limits corresponding to those of the box. 


For a given value of x the value of @ from #=0 to «=a and from y=0 to y=b may be 
expanded in a series of the form 


More 

/ ay) 

= Day 27 m,n cos s 5 
a b 


: : : d d 
the sign = referring to m, and =’ to m: and since the values of @, ae and do not alter 
xv 


abruptly, and equations (42) and (43) are satisfied, it follows that the series by which p, 
d 

ay and EP 
dx dy 
Substituting the value of @ just given in (41), equating to zero coefficients of corresponding 
cosines, and introducing the condition (44), we have, omitting the constant, or supposing A, =0, 


are expressed are convergent, and hold good for the limiting values of # and y. 
$ § s y 


pm(c~z) pm(c—2) m 
0 w/o o—_— = = Tv NITY 
P = Xo Xo Zs nie A are G } cos cos 5 ; 
a 
pe me nt 
where — = ——e 


c oe 


Determining the coefficients such as 4,,,, from the condition (45) in the usual manner we have, 
m and m being > 0, 


4€ pr 1X nary 
Ayn = — ty =8 [fre y) cos ~ a duxdy, 


mab 


nTC 


ro eas Aig @, Y) cos ety dedy* 
a . ) apy f (7, 9) b ee 


with a similar expression for 4,,,, whence the value of @ corresponding to f(#, y) is known. Ina 
similar manner we may find the values corresponding to the similar functions belonging to each of 
the other faces. If W’ be the quantity corresponding to W for the face opposite to the plane wy, 


Ay, i 


~ ; F . A . ra fo NY TX 
* The function f(., y) in these integrals may be replaced by F(a, y), since |* i W cos t Y cos dudy=0, unless m=n=0. 
ees a 
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and U, U', correspond to W, W’, for the faces perpendicular to the axis of x, and if V, V’, be the 
corresponding quantities for y, there remains only to be found the part of @ due to these six 
quantities. Since U, U ’, are the velocities parallel to the axis of # of the faces perpendicular to that 
axis, and so for V, V', &c., the motion corresponding to these six quantities may be resolved into 
three motions of translation parallel to the three axes, the velocities being U, V and W, and 
that motion which is due to the motions of the faces opposite to the planes yz, az, wy, moving with 
velocities U’ — U, V’— V, W’ — W, parallel to the axes of «, y, x, respectively. The condition 
that the volume of the fluid remains the same requires that 


1 1 | 
= ice a ay: Sy Gy a =J0! 
(0 — 0) 1.0, > (i —W) —0 


It will be found that the velocities 


w==(U'-U), v=F(V'-V), w=—(W'- W), 


satisfy all the requisite conditions. Hence the part of @ due to the six quantities U, U, V, V’, 
WW, 48 


a : y° ; ad 
U. Vi W. —- U)— V— =. Ww - W)—. 
a+Vy+ We+(U Oe ee OD ac = 


This quantity, added to the six others which have already been given, gives the value of @ which 
contains the complete solution of the problem. 

The case of motion which has just been given seems at first sight to be an imaginary one, 
capable of no practical application. It may however be applied to the determination of the small 
motion of a ball pendulum oscillating in a case in the form of a rectangular parallelopiped, the 
dimensions of the case being great compared with the radius of the ball. For this purpose it will be 
necessary to calculate the motion of the ball reflected from the case, by means of the formule 
just given, and then the motion again reflected from the sphere, exactly as has been done in the case 
of a rigid plane Art. 10, In the present instance however the result contains definite integrals, the 
numerical calculation of which would be very troublesome. 


G. G. STOKES. 


Pemsroke CoLLEcE, 
May, 1845. 


Vor VII. ~ Parr. Ss 


X. Notice on the Occurrence of Land and Freshwater Shells with Bones of some 
extinct Animals in the Gravel near Cambridge. By P. B. Brovis, F.G.S., of 
Emmanuel College. 


[Read, April 30, 1838] 


Tue discovery of recent shells associated with bones of some extinct mammalia, and other animals, 
is a subject of considerable interest, especially as the same fact has also been noticed in several 
other distant localities. The shells in question were found in a gravel pit at Barnwell, ad- 
joining the riyer, in a bed of fine sandy gravel, about fourteen feet from the surface, the whole bed 
consisting of alternating layers of fine white sand and pebbly gravel, resting upon a thin bed of 
brown clay; altogether amounting to a thickness of about twenty feet. The stratum in which 
most of the shells occur is composed of a thin bed of shelly gravel, abounding in many perfect 
specimens, and comminuted fragments of the same fossils. To this succeeds an equally thin 
bed of fine white loam, containing shells far more perfect but less numerous. This gravel, though of 
course derivative, appears to differ from the coarser beds of the same formation; for while the 
latter chiefly consist of rolled fragments of older rocks, the former, on the other hand, contains 
but a small proportion of such materials, and appears to be more immediately derived from a 
finer sediment formed by local inundations. Indeed, many of the terrestrial and aquatic shells 
are of so fragile and delicate a texture, that they must have been inevitably injured had they 
been swept away by any violent aqueous action. In most of the specimens, the mouths of the 
Univalves, and the hinges of the Bivalves, are in excellent preservation, whilst the associated 
bones exemplify the same fact. The shells are also very abundant, and generally of small size ; 
all the genera, and most of the species being identical with those now living, though one or 
two species do not appear to be so. Among the terrestrial specimens the following genera and 
species may be enumerated. 


Helix hortensis. | Bulimus clavulus. | Pupa umbilicata. | 
at carthusiana. Clausilia. j vo. Sex-dentata. J 


The aquatic shells afford examples of the following genera: 


Cyclas, a new species. Valvata obtusa. ee auricularis. 
- ne SION spirorbis, 7 NW) ereaere-= glutionosa. 
Succines amphibia:® je" 42 iyi, aa ee epee species undetermined. 
de stacees oblonga. Planorbis marginatus. |] 
species Mesreri| and some others. 


Paludina, species undetermined. { Testacellus. 
pOsseOsOr Opercule of 


The above undetermined species may not, perhaps, have any living representative. The Rev. 
Leonard Jenyns has decided the Cyclas to be a new species. Seed-vessels of Chara or Gyrogonite, 
and wood partly charred accompany them. 

The bones discovered in the shelly gravel consist of the following specimens. A large tibia 
and a small molar tooth of an elephant. ‘Tibia of the gigantic ox. Lower portion of the horn 
of a stag. Tibia of a deer, with teeth and vertebra of the same animal. From the brown clay 
forming the basis of the gravel, and overlying the chalk marl, was obtained the pelvis of a 
small elephant; but no shells occur in this bed. Some of the other localities, in which I have 
also observed the same facts, are in the neighbourhood of Maidstone in Kent, and Salisbury in 
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Wiltshire. In the former place a bed of brown clay fills up fissures in the lower green sand, 
containing bones of mammalia and other animals. The shells accompanying them belong chiefly 
to the genus Pupa. In the latter locality a thick bed of brown clay affords the bones and 
teeth of elephants, with remains of the horse and deer, a jaw of a fox, and some others. ‘The 
only shells hitherto found associated with them belong to the genus Helix. Recent shells also 
occur with bones of numerous quadrupeds in clay and gravel near Ilford, Essex, where several 
of the shells appear to be identical with those above mentioned. (See Loudon’s Magazine, Vol. 1x, 
p. 263, and Lyell, Vol. 111. p. 140.) Recent marine shells have also been discovered by Sir P. Egerton 
in a bed of gravel in Cheshire, which are described in the second Volume of the Geological Pro- 
ceedings. From the occurrence then of the same facts in these distant localities, it may be 
asked, whether any conclusions might be drawn with regard to the probable contemporaneous 
origin of these respective deposits; and what argument might be founded on the excellent 
preservation of many recent land and freshwater shells associated with bones of some extinct 
animals, in strata, evidently of diluvial origin. 


Since writing the above, I have observed that there are two distinct beds containing shells. 
The uppermost, is the fine, white sandy stratum, containing Helix and Paludina in great abun- 
dance, with other shells. While the lower one, is a hard white marl (resembling chalk), charged 
with numerous Pupa, small Planorbes, some Clausilia, and a very few Seed-vessels of Chara. 
Large and small fragments of wood abound. ‘This distinction of the two shell beds is necessary 
to be observed, because they do not contain shells common to both. No Pupa, Chara or wood 
occur in the upper sandy layer; indeed the general characters of each are very different ; one 
being a fine sandy shelly bed; the other, a hard white marl, and in this latter formation 
the bones were found. These two beds however lie within a few inches of each other, so that 
the distinction is chiefly necessary, with reference to the different Testacea and Mollusca which 
they each contain. 

P. B. BRODIE. 


EmManvet Coenen, 
April 28, 1838. 


The following Notes to the above communication are added by Professor SEDGWICK. 


In a paper by J. Okes, Esq., published in the first Volume of the Cambridge Transactions (p. 175), there is 
a description of some fossil remains of a beaver dug up from the bed of the Old West Water about three miles 
south of Chatteris: and in a subsequent communication he described numerous fossil bones found in beds of 
gravel which extend from Barnwell Abbey to Jesus Common. All the specimens were subsequently deposited 
in the Woodwardian Museum: and, with those derived from the Barnwell gravel, were some species of land 
and fresh water shells (Helix hortensis, &c.) well preserved and in a few instances retaining traces of their 
original colours. Mr Okes considered these shells to belong to the period when the bones and gravel were 
deposited. But the conclusion admitted of some doubt, as the pits from which the bones were derived gave 
no clear sections ; and it was just possible that the shells might have fallen down among the bones (during the 
progress of the excavations), from the superficial part of the gravel. 


Similar phenomena fell under my own notice, a year or two afterwards, while workmen were employed in 
excavating the foundations of the new houses at the west end of Barnwell. But there was still a difficulty ; 
because the sections did not shew the exact position of the shells, so as to prove that they were strictly con- 
temporaneous with the deposit of the bones. The observations of Mr Brodie have settled this question, and 
there can now be no doubt that the shells above mentioned were as old as the period of the gravel. 
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In my last paper, the bases of length and direction were on the unit-line and its perpendicular, 
and the lengths of these bases were units. 

If the logometer be p+4q \/-1, its primitive, (7, p), is found from 
vp —2q _ mq — np 
my—np my — mp 


We are now to express X*: it is convenient to express the radical letter XY by its length and 
direction (x, &), and the exponent by its projections, v+w,/—-1. If X*, which by definition 
is A~'(YXX), be called Z or (z,¢), we have 


log x = (v — bw) logaw—ecwk, (=(v + bw) E+ aw loga, 


m? + n? my + Nv peo + vw? 
- i oe 


where a@= b 


aa ae) isa >’ . 
mvy—-ne myv— Nye Mv — rye 


If we prefer to express the bases of length and direction by their lengths and directions, as 


m+n ,/-1=(g;¥)> w+ ya/—1= (kk); 
we have 


which are connected by ae — b? = 1. 


Some mode of expressing X* should be contrived, such as X},,,, which may show its 
dependence on the arbitrary constants in the bases; this will allow us to reserve X* for its 
common signification, as an abridged form of Xin: But, before proceeding further, I may 
notice that the logometer of my last paper is not as general as it might be, even on the sup- 
position that X¥* is to have no extended meaning. For if «—-y be a right angle, and if & = g, 
then a=1, b=0, c=1, logx =v logr—wé, (=vi +w loga, which two last equations simply 
express that X°* has the ordinary meaning. That is to say, every result in the last paper remains 
if, instead of the bases of length and direction being units, they be any equal lines, and if instead 
of being on the unit-line and its perpendicular, they be on any lines which are at right angles 
to one another, provided only that the base of direction be a right angle in advance of that of 


length. 
Returning to the most general definition, we have 
KZ yup OF (ty ESSIEN) m eb oss—ewt eet E+ aeags) V1 


= ele b-aV Nu) log z+ (o+ b+ eV—Nw]Ev—1 = gr-(b-av-1)0 elt @+ev—iw]év—1 


Of the three fundamental equations 474° = A®*°, A?C®=(AC)® and (A*)°= A", it is 
instantly seen that the two first are satisfied by this new signification of the exponent; and that 
they are satisfied independently of the relation between a, b, and ec, or ae—b*=1. The third 
is a little more intricate: the formation of (X°*+"”‘~')”+“%-! requires us to write (v — bw) logw 
— cw for log # and (v + bw) € + aw log w for &, v' for v and w’ for w in the first or second of 
the preceding expressions for X*. This being done, it is found that in consequence of ac — 6° =1, 
the result is precisely the same as if vv’ — ww’ had been written for v and vw’ + vw for w, without 
any substitutes being employed for w and &. But these last changes turn 


v+Ww /- 1 into (v+w /-1) (v' + w’ / -1)- 


The theory of quantities once called real admits of no extension; for if € and w vanish, 


v sia vlog v . ni 
® suv = € , or w. But the following deductions, 
b 1 
6V-1 _ .-b0+a0V-1 av-1 _ ea 
mnipy — € > € = Ennpw ; 
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show that the signification of ordinary exponentials involving 4/—1 is completely changed: thus 
9V—1 signifies a line of the length e~’® inclined at the angle @@ to the unit-line. 


mney 
Without going further into details we may see that, as before remarked, it is not necessary to 
retain this extended notion of A®, since the consequences of the extension can be expressed by the 
particular case in general use; which cannot be said of AB as compared with 4 + B, or of A® 
as compared with AB. This rejection is a generalization of the rejection of all logarithmic bases in 
favor of e, and the extended definition of A® is itself a substitution of logarithmie bases in their most 
general form. For whereas, in the common system, ¢ and e~' are the logarithmic bases* employed 
for ordinary and periodic magnitude, we have, in the system above described, employed 
elmtanv =r 


€ 


and ¢@-#¥-", 


Great care will be necessary, in verifying the conclusions, not to confound the meanings of Annuy 
and A®, or the operations performed upon them. Thus the function whose mru v-logometer is 1, 
may be represented by 


1 v n 


a Sra even YD 
CME asm OF by € o Cas 
AX 
and ea ‘= X. Without such care, the inquirer will infallibly be led to equations of con- 


dition between m, m, , and y, which he will find are satisfied by m= 1, m=0, »=0, v=1: 
that is, he will imagine he has proved the system of my last paper to be necessary. 

From the expression of X in terms of its logometer, we derive the following, ¢ meaning 
(e, 0); 


ptvv—-l b 1, 
eo ee ee 


er + a 
= (2, é)= Coren NS = es 
On this it is to be observed, that the notion formed from the ordinary modes of expression, 
namely, that in €?+7‘~-! there is a peculiar reference to length in p, and to direction in q, is not 
altogether correct. The imaginary part (it may perhaps be allowed to retain the nominal dis- 


tinction of real and imaginary) determines the direction, but the length depends upon both parts. 


pt+qnv-1 
Conny 


The interpretation of is, that it represents a line of the length €?~”’ inclined to the unit- 


line at an angle aq; or (€?~"’, aq). One case, and one only is indefinite, when (u + v4/—- 1) = 
(m + NrA/ — 1) is real, that is, when m = 0, » = 0, or when m = 0, y=0, or when m: nm :: gw: »¥, 
which last includes the others. In this case the line takes the form (0, c ) or (<@, o ) the inde- 
finite character of the result arising from the coincidence of the bases of length and direction ; 
it resembles the attempt in common algebra to form a system of logarithms to the base unity. 
But when (m+ v4/—1) = (m4+n1/-1)=- waa which gives b =0, a= —1, we find (a, &) 
represented by Mee ha: . Here the bases of length and direction are at right angles to one another, 
but that of length is in advance of that of direction. This case requires that »=n, »=—m, 
and the logometer is (m+m/—1) (log w -&4/— 1). 

There would be little use in entering into more detail than is necessary to illustrate the 
general meaning of the symbol 4®. But it must be considered necessary, in all future explana- 
tions of the elements of algebra, to point out the complete meaning of this symbol, not only 
to avoid defective reasoning, but to prevent the student from attaching an undue weight to the 
connexion of 4/—1 with the representation of direction. It is a strong corroboration of what 
seems to have been poiuted out by the course of the complete science up to the present time, 
namely, that we must not expect any new imaginary or impossible quantities. I must own that 


* As far as - know the bases actually employed are four, « and eV- in analysis as above described, 10 in the facilitation of com- 


putations, and y 2 in the numerical consideration of the musical scale. 
T2 
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I rather expected to find something of the sort in the present inquiry: remembering that the first 
great difficulty arose from the inverse process to addition, the next from am inverse process to 
multiplication, I should not have been surprised to have found a third in the most general direct 
and inverse consideration of A’. But though we are not to look for any new inexplicables 
from 4+8B, AB, or A®, it should be remembered that there is a scale of ascent in the funda- 
mental mode of deriving them from one another which does stop anywhere. Addition being 
obtained, and the general notion of operation, the solution of p(w + 1)=@a+e gives pa =eca, 
and introduces multiplication. Next @(#+1)=e@a gives gw=c’, and introduces involution. 
But (wv + 1) = c®", the solution of which gives the next step, gives for pa a function which has 
not been considered; though its particular cases 


pi=a, pe=c', psa", prac), &e. 


are known. If ma could be completely inverted, new inexplicables might, and perhaps would 
arise, either from this or some succeeding case. 


A. DE MORGAN. 


University Coniece, Lonpon, 
October 7, 1843. 


XII. On the Measure of the Force of Testimony in Cases of Legal Evidence. By 
JoHN Tozer, Esq. M.A., Barrister-at-Law, Fellow of Gonville and Caius 
College. 


[Read Nov. 27, 1843.] 


On the question of the possibility or advantage of measuring numerically the force of tes- 
timony, the opinions which pervade the legal literature of the English language differ almost 
invariably from the conclusions of science. This paper contains an attempt to trace the effect of 
those conclusions in their application to a practical example, and to shew that they afford the 
best means of analysing the processes which are necessarily adopted in such examples. The mere 
purpose of rendering demonstrated truths more accessible, might seem to assign to the observations 
which follow a place in professional rather than in scientific literature: it must however be remem- 
bered, that practical men are concerned with practical rules, and with principles no further than 
may be sufficient to render those rules intelligible. The occasional devotion of time to higher pur- 
suits can scarely be regarded by them as other than treasonable to their personal interests; the 
assertion of the supremacy of science over art they must for the most part leave to the culti- 
vators of science. 

The proposition that a moral certainty is a mathematical probability whose numerical measure 
lies between unity and some definite numerical fraction, puts in issue either directly or indirectly 
every question that can be raised on the subject treated of in this paper, though the subject itself 
is of a much more limited extent than the proposition. The vague way in which the processes 
by which this proposition, and those which must stand or fall with it, can alone be established 
or disproved, have been described by even the ablest of our legal authorities, removes every 
feeling of diffidence in approaching the subject. Professor s\/sasis in speaking of the mode of 
estimating the weight of the united testimony of numbers, says, ‘‘ If definite degrees of probability 
could be attached to the testimony of each witness, the resulting probability in favour of their united 
testimony would be obtained not by the mere addition of the numbers expressing the several pro- 
babilities, but by a process of multiplication.” 1 Starkie, 3rd ed. 554. And in a work there cited 
occurs this passage: ‘* On one side of the equation are mentally collected all the facts and cireum- 
stances which have an affirmative value; and on the other, all those which either lead to an 
opposite inference, or tend to diminish the weight or to shew the non-relevancy of all or any 
of the circumstances which have been put into the opposite scale. The value of each sepa- 
rate portion of the evidence is separately estimated, and, as in algebraic addition, the opposite 
quantities, positive and negative, are united, and the balance of probabilities is what remains 
as the ground of human belief and judgment.” Wills on Circumstantial Evidence, 14. 

Symbolical language has given expression to no processes of greater refinement and beauty than 
those employed in the investigations of the theory of probabilities. No elaborate ones are required 
in this particular application of its principles; but the expression, ‘*a process of multiplication.” 
conveys to the mind no adequate idea of the simplest of them. Subjects which have been deemed 
worthy of their attention by Laplace and Poisson cannot be thus dismissed. 

«The notions of those who have supposed that mere moral probabilities or relations could 
ever be represented by numbers or space, and thus be subjected to arithmetical analysis, cannot 
but be regarded as visionary and chimerical.” Starkie 571. 
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** Whenever the probability is of a definite and limited nature, (whether in the proportion of 
one hundred to one, or of one thousand to one, or any other ratio, is immaterial), it cannot be 
safely made the ground of conviction ; for to act upon it in any case would be to decide, that 
for the sake of convicting many criminals, the life of one innocent man might be sacrificed.” 574. 

‘The distinction between evidence of a conclusive tendency which is sufficient for the pur- 
pose, and that which is inconclusive, appears to be this: the latter is limited and concluded by 
some degree or other of finite probability, beyond which it cannot go; the former, though not 
demonstrative, is attended with a degree of probability of an indefinite and unlimited nature” Ibid. 

The above short passages are cited as containing a clear enunciation of the propositions dis- 
sented from, and not as affording a complete exposition of the author’s views, for which the 
work itself is referred to. 

A passage from Lord Brougham’s Natural Theology is also cited to by Mr. Wills, as includ- 
ing the noble author among the advocates of the truth of the last of these propositions; it does 
not however appear to do so. If the propositions are true, the conclusions here arrived at must 
be erroneous. 

The expression of the value of a probability numerically is a necessary consequence of any 
attempt to express that value accurately: if a certain event has been observed to accompany a 
certain set of appearances more frequently than the appearances have been observed to occur without 
the occurrence of the event, we may say that a repetition of the appearances creates a probability 
of the repetition of the event—we may even say that that probability is great or small; but if we 
wish to say how great or how small, we are immediately forced on the enquiry, how many times 
have the appearances to our knowledge occurred, and, out of these, how many times has the event 
accompanied them. That the fraction which expresses the ratio of these numbers measures the pro- 
bability of the occurrence of the event accompanying the appearances, is a consequence of the 
definition of the term ‘‘ probability ;” and if the term “ moral probability” have any other definition, 
that definition remains yet to be enunciated. 

If the appearances are of ordinary occurrence, or capable of being resolved into others which are 
so, the fact that the particular combination may never before have been presented to the senses of 
the person deciding, is not material ; the conceiving that if they were repeated a certain number of 
times the event would accompany them a certain other number of times, is a process essential to the 
conception of measuring the probability at all. If, again, the appearances afford some probability 
of the event, but are so unusual that the judgment hesitates to assign the definite numbers it assigns 
in the previous cases, the process is only varied to this extent: instead of assigning a numerical mea- 
sure to the probability itself, we assign numerical values to the limits within which it lies. The 
measure here then is indefinite, but it is so because, to the imperfect experience of the observer, the 
probability is so; the indefiniteness has not been introduced in the process of measurement: the 
least value also that the judgment assigns to the measure of the probability may be large enough 
to measure a moral certainty, or the greatest so small that the probability must in ordinary occur- 
rences be disregarded, without expanding or narrowing the limits through which indefiniteness may 
range. If the probability be conclusive, its conclusiveness depends on the magnitude of the least 
possible value of its measure; if it raise but a ‘light presumption,” it would do so if the measure 
of the highest limit were that of the probability itself. Suppose, for example, a medical witness to 
assert, that certain appearances had led him to the conclusion that a person had died from taking 
hydrocyanic acid. To determine then whether the allegation possesses the degree of probability 
which would warrant our treating the fact alleged as true, we estimate the ability generally of the 
witness to judge, bis opportunities of judging in the particular case, and his sincerity. The phe- 
nomenon then that we witness is that of a man possessing the ability and the inclination to speak 
correctly, which the values we assign to these would confer on this particular witness making this 
particular allegation; if then in our opinion this phenomenon would in 997 cases out of 1000 be 
produced by the fact asserted, and in three cases out of 1000 by some other cause, and if we have 
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assured ourselves that to suspend our judgments from a fear of erring no more than three times out 


-~ 


of 1000 would be to defeat the purposes for which laws were instituted ; a measures a probability 


which we consider large enough to warrant decision ; and the testimony of this witness does therefore 
warrant decision; and it would do no more if in our judgments the witness would be impelled to give 
his evidence by any other cause than the presence of the acid no more than three times in a million ; 
the actual value of the probability in such a case, perhaps cannot, and certainly need not, be assigned, 
but the value of its inferior limit is definite, and its measure is a numerical fraction. The mind of 
the person deciding may have done no more than perceive that the probability equalled or exceeded in 
magnitude those on which he habitually decided in affairs of equal importance; but if called on to 
assign measures to the probabilities he has employed, he must say that his decision would not be with- 
held from a fear of erring three times in 1000, and that the chance of erring in the case before him 
was within that limit: the employment of numbers is a consequence of the effort to be definite. If, 
again, we wish to compare the effect of evidence on different minds, though each may say in a parti- 
cular instance that enough has or has not been adduced to produce conviction, the answer to the 
question, how much has been adduced ? or, how much will produce conviction ? is, and is necessarily, 
a numerical fraction. The conclusiveness or inconclusiveness of evidence is then altogether inde- 
pendent of the definiteness or indefiniteness of the probability it raises; the only condition necessary 
to conclusiveness is, that that probability should be measured by a numerical fraction which exceeds 
some given definite magnitude. As regards criminal cases, the nature of the evidence does not admit 
that demonstration can be obtained ; we cannot therefore ensure that out of some definite number of 
persons punished one innocent person will not be punished as guilty; the only effect of making 
the standard of conviction indefinite, is to make the number of cases indefinite in which the wrongful 
decision has occurred; but it leaves us in doubt as to whether the injustice is increased or diminished. 

It is humiliating to intellectual pride to admit that our best exertions will not protect us from 
inflicting wrong on others, but nothing can be gained by shrinking from measuring the extent of our 
ability to do so, ‘Selon Condorcet, la chance d’étre condamné injustement pourrait étre équiva- 
lente 4 celle d'un danger que nous jugeons assez petite pour ne pas méme chercher A nous y 
soustraire dans les habitudes de la vie; car, dit il, la société a bien le droit, pour sa stireté, d’ex- 
poser un de ses membres 4 un danger dont la chance lui est, pour ainsi dire, indifférente ; mais cette 
consideration est beaucoup trop subtile dans une question aussi grave. Laplace donne une définition, 
bien plus propre a éclairer la question, de la chance d’erreur qu’on est forcé d’admettre dans les 
jugements en matiére criminelle. Selon lui cette probabilité doit ¢tre telle qu'il y ait plus de 
danger pour la sureté publique, 4 Pacquittement d’un coupable, que de crainte de la condamnation 
dun innocent.” Poisson sur la Probabilité des Jugements. 5. 

Condorcet assumes that a man has no more fear of dying at 25 than at 20, and that he therefore 


neglects a probability measured by 5 and infers that we may neglect this in our decisions. 


Condorcet, Probabilité des Décisions. 

If in the term ‘“‘danger to the public” we include the danger arising from a callousness or indif- 
ference to the infliction of wrong, or from a diminution of respect for the laws, the definition of 
Laplace seems unexceptionable. 

In the example taken below, the formula first obtained applies to all facts the truth of which 
may be established or disproved by experiment; it assumes that the witnesses giving their testimony 
have no wish to deceive. The peculiarity in facts of this nature is, that the repeating and varying 
of the experiments tends successively to eliminate the several causes by which the appearances could 
have been produced, and to leave the fact attested as the only known cause by which they can be 
accounted for. If the tribunal be competent to judge of the skill and success with which the 
experiments have been conducted, their detail is submitted to its consideration; if it be not, the 
conclusions are partly arrived at by the witnesses themselves, and taken on trust by the tribunal. 
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The phenomenon then actually witnessed is that of a witness alleging that, from appearances 
which his experiments have produced, he infers the existence of a certain fact, and the object is to 
determine the probability of that fact being true. First then we consider, for each separate experi- 
ment, on the hypothesis that the fact is true, what is the probability that it would have produced 
appearances sufficient to convince the mind of the witness, and induce him to give the testi- 
mony he has given. We then take each of the known possible causes of such appearances, and 
similarly aaleulate the probabilities that each one of those severally would, if it existed, have pro- 
duced them in such a way as to have impelled the giving of the testimony. And, lastly, the pro- 
bability of some unknown cause having so acted. The probability of the hypothesis that the 
alleged fact is the true cause, is then determined by the known processes of the science. If the 
operations have been conducted in symbolical language, no step has thus far been taken without the 
sanction of rigid demonstration ; the effect has been to resolve the probability whose value is sought 
into the elementary probabilities of which it is composed. To the next step therefore, which is that 
of assigning numerical values to the symbols in which the result is expressed, has been given all the 
facility of which it is capable. In the particular case of persons accused of crime, the minimum 
value of the probabilities which favour the accusation alone are required, the precise numerical 
value of their measures never need therefore be assigned. The values which in our judgments those 
which favour the hypothesis cannot fall short of, and which those that favour anv other hypothesis 
cannot exceed, are all that are necessary to be decided; the result is a number which is not greater 
than the numerical value of the measure of the probability whose value is sought: and as far as this 
particular fact is concerned, conviction or acquittal must follow, as this measure does or does not 
exceed the standard which justifies decision. The actual measure of the value of the probability 
is left indefinite in magnitude; its least possible value alone is defined, but the assigning of accurate 
values to the elementary probabilities, and thus defining the actual measure, will not in the slightest 
degree affect the result. 

The next formula applies to allegations of facts the truth of which cannot be tested by experi- 
ment; the consideration of the credibility of the witness is also introduced ; the modification by 
which it is made to differ slightly from that given by Poisson, does not affect the principle by which 
it is obtained. The hypothesis that the fact alleged is true will account for its being alleged, 
first, when the witness is neither deceived, nor intending to deceive; and secondly, when both the 
one and the other, provided that among the various allegations which he may make for the purpose 
of deceiving, he should chance to make that which is in fact true. The various ways in which he 
may be deceived without intending to deceive, endeavour to deceive without being himself deceived, 
and being himself deceived also endeavour to deceive without alleging the fact which did occur; all 
suggest hypotheses which will or may, with some degree of probability, account for the testimony 
being given, though the fact which it alleges is not true. The probability that the hypothesis 
eniee assumes ne fact alleged to be true is fine correct one, is then as before given by the scientific 
process, and this whether its truth be alleged by one or more witnesses, or alleged by some and denied - 
by others. The antecedent probability, we the fact alleged having occurred, is also taken account of 
in the formula. 

The same process applies to ascertaining the probability that a fact is true which is alleged, 
but which is not material to the issue, of which an example also occurs. We then have a witness 
alleging a fact the probability of whose truth we have measured ; and also other facts, the probability 
of whose truth we wish to measure; and the former modifies the values of the probabilities, that 
the witness deceives, or is deceived, which are involved in the equations which express the latter. 

When the measures of the probabilities of those facts which must be proved to sustain the 
accusation have been ascertained, their product will measure the probability of a series of facts 
being true, from which the truth of the accusation is an inference; the probability of the accusa- 
tion being true will therefore be this product, or this product multiplied by the fraction which 
expresses the probability of the inference being true, on the assumption that all the facts of the 
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Series are so, as the inference is or is not a necessary one: and the numerical values of the com- 
ponent fractions, or of their limits being assigned a numerical measure of the probability of the 
accusation being true, or of its inferior limit, will be obtained; and the evidence will or will not 
warrant conviction as this number does or does not exceed the certain prescribed value; and 
whether the precise value be or be not definitely assigned, that is, whether the probability be defi- 
nite or indefinite, will be immaterial, so long as this condition is fulfilled. 

In civil cases, the questions to be decided having been elicited by the parties in their pleadings, 
the value of the evidence by which they are to be determined is estimated in the same way ; 
but it will frequently be necessary to assign the numerical values with greater accuracy. The 
following paragraph applies to such cases, and seems also to involve an admission of all that is 
contended for in favour of scientific investigation. ‘*In some instances, nevertheless, where from 
paucity of circumstances the usual means of judging of the credit due to conflicting witnesses fail, 
it is possible that the abstract principles adverted to may operate by way of approximation. 
especially in those cases where the decision is to depend on a mere preponderance of evidence.” 
Starkie 554, A paucity of circumstances or incompleteness of data is what distinguishes the evi- 
dence in favour of events which are merely probable, from that which supports those which are 
certain, and it is the business of the science to determine the probability of the truth of the event 
from the data which are offered to support or disprove it, however limited in extent these data may 
be. When the numerical measure of this probability is precisely }, the data are insufficient for 
decision, and in no other case; in criminal cases, this penetwm indifferens is claimed by the legal 
presumption in favour of innocence. 

If, therefore, in a case where the mere preponderance is to decide, we obtain a result by 
assigning to the probabilities which favour the claim of 4 the least values of which in our judg- 
ments they are capable, and to those which favour the claim of B the greatest values of which 
in our judgments they are capable; and another result, from the greatest “which favour 4’s claim, 
and the least which favour ian then if each of ‘hives exceed 3, ree decision is in favour of A, 
and if each be less than 1 3, in favour of B; but if one be greater and the other less than 3, 
more accurate values must be assigned to the numerical janie) till both the limiting values of the 
probability be made to exceed or ‘fall short of 3, or till on assigning what in our “judpments are 
correct values, a result precisely equal to 3 is obtained; in which latter case no decision can be 
arrived at. The only peculiarity then in a case whose decision must depend on a mere prepon- 
derance of evidence is this, that a more accurate estimate of the probabilities it involyes must be 
made. 

A consideration of the investigations by which these remarks are illustrated, will shew that the 
mode: of estimating the force of evidence employed in a court, is a process which algebraic investi- 
gation analyses, and of which it explains the theory ; and an approximation, (in most cases, scien- 
tifically speaking, a rude one,) to a result which is obtained with accuracy by assigning numerical 
values to the algebraic symbols. The complication which exhibits itself in the algebraic process is 
in the nature of the subject, and is not in any degree introduced by the operation employed. 
The difficulties are difficulties which belong to the act of in any way eliciting truth from a compli- 
cated series of circumstances; the practical process, toa certain extent, evades, and necessarily evades, 
these; the algebraic encounters them, and resolves them into their elements, The employment 
of symbolical language facilitates the processes of deductive reasoning, but does not change them ; 
the assigning of numerical measures to the probabilities involved defines with accuracy their mag- 
nitudes, but in nowise modifies them. 

Again, the analytical process does not exclude considerations other than those which result from 
the bare probabilities. Presumptions of law may be adopted in its formule, and these may be 
dictated by reasons of policy, or other motives, as well as by the necessity for substituting approxi- 
mations in practice. They are inferences to which legislative enactment or judicial decision has 
attached the legal consequences which properly belong to facts, and analysis therefore assigns to 
them the measure of certainty. At the commencement of a criminal proceeding the law presumes 
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that the accused is innocent ; and the analyst therefore assigns unity as a measure of the probability 
of his innocence, though it may merely represent the confidence which the state reposes in the 
integrity of its individual members. The claim to the property in waste lands beside a road is 
advanced by the owner of the adjoining freehold, with a probability in favour of its justice measured 
by unity, which must be reduced below one half by any claimant who would deprive him of 
the benefit of the presumption. The consequences attached by the statutes of limitation to the ex- 
piration of the periods which they assign, cause 1 or 0 to be employed as the measures of pro- 
babilities imperceptibly near in value to those to which by the non-expiration of the periods 0 or 1 
would be immediately before assigned. Some legal presumptions have, however, the effect of 
modifying the probability, that the inference which they establish is a just one; it is perhaps 
immaterial whether that raised by the production of a subsequent receipt in favour of the payment 
of previous rent be absolute or capable of being rebutted. If it were absolute, and generally 
known to be such, the knowledge that a conclusive presumption existed would diminish the proba- 
bility of such a receipt being given when any previous rent was unpaid. In the presumptions 
raised in criminal cases against the innocence of a prisoner, the probability that the inference is 
just can never be less than that which justifies conviction. 

The presumption of guilt in the case of stolen property of which the possession by an accused 
party is unaccounted for is defined by decisions on actual cases, and becomes more accurately so 
as the number of these decisions is increased: the test of consistency among these appears to be simply 
this, that for each case the probability that the guilt of the accused is the cause of the unaccounted- 
for possession of the property should have the same numerical measure. 

Proceeding to the investigation of the reasoning processes by the algebraic solution of an example. 
In a case of alleged poisoning by arsenic, to determine from the testimony of the witnesses the 
probability of the presence of the poisen. 

Let there be m witnesses, who respectively allege, with a greater or less degree of confidence, that 
they discovered As; and m others that they were unable to do so; and suppose there is no doubt 
about the veracity of any of them. 

An ordinary jury is not competent, from a detail of the processes of experiment, to decide on the 
success with which they have been conducted. The phenomenon, therefore, which they witness is 
the delivery of the testimony by a number of witnesses, whose respective abilities to judge it is a 
part of their duty to estimate. 

In the case where As is present : 


Let p,..-p, be the probabilities that the first » witnesses would elicit from its presence 
such appearances as to induce them to allege its presence. 
Qi++-Gn that the m latter ones would do so. 
Then 1—p,1-—q would be the probabilities that they would not succeed in doing so. 
Where As is not present : 


Let 7,, ™...7, be the probabilities that some other substance has caused the appearances 
in the case of the first 2 witnesses. 
81, So--.8, in the case of the latter m witnesses. 


Then 1-7, 1 —s are the probabilities that appearances causing the testimony to be given would 
not be exhibited by any other substance than As. 


Then if P be the probability that As was present, 
Ba bh Neal > TEED “C= M)eee A= Gm) 
Pree Pp» (1 — G,)-0-(1 — Ym) + Tree6%n (1 — 8)---(1 — Sn) 
If the jury were capable of judging of the evidence as furnished by the immediate result 
of the experiments, selecting among the various causes of appearances which might be mis- 
taken for those produced by As, would be performed by its members instead of by the witnesses, 
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or as well as by them. In the particular case, antimony, the persalts of tin, and probably 
some other substances, exhibit with some tests what to inferior skill would be such appearances. 
Suppose there are m such causes of fallacious results, and let m several experiments be made, 
Pi> iy "1, be the respective probabilities that As, if it were present, and each of the other sub- 
stances severally, if it were present, would produce the appearances witnessed by 
the application of any one test. 
t; that some substance, other than those known and enumerated, would do so if it were 
present. 
Poy Qoeeels + veseeeee+Dy Yne--t, the corresponding probabilities for the other tests. 


P the probability that As is present. 


Then P= 


If this substance exist in moderate quantity, and even an ordinary degree of skill be employed, 
the experiments may be varied so as to produce appearances which could not have been produced 
by some one or more of the causes other than the presence of As, and therefore a factor 0 will be 
successively introduced into the terms q).-.g,, 7---7,, &c. of the denominator, and the expres- 
sion is reduced to 


1 
P = 
ager 
1 + —eoo—, 
Py P, 
8 : t § 
It may be observed generally, that it is the presence of this term —.-.— in the denomi- 


Pi Pra 
nator representing possible hypotheses, yet unthought of, that distinguishes the proof of a physical 
fact from a mathematical demonstration. 

The successive elimination of the known causes of error is precisely that which common sense 
employs in arriving at a moral certainty; when this cannot be effected, the previous expression 
remains, and the probability of the fact alleged being true is arrived at by assigning numerical 
values to its elementary probabilities. 

The evidence which is the subject of the following formule is that, or nearly that which was 
given in a case which occurred of a woman who was accused of having caused the death of her 


husband, by administering As; it is merely used as an illustration, and therefore no particular pains 
is taken to state the evidence very accurately. The death and its cause were not disputed, the 
probabilities therefore of the presence of As, and of its having caused the death, are taken in the 
investigation as measured by 1. 

The first witness, whose evidence is here considered, alleged that she had seen the accused on 
the morning of a particular day making some pills. 

Consider, therefore, first, the probability of a fact being true which depends for its evidence on 
the testimony of a single witness. In such a case the allegation may have been made, either because 
the event alleged took place, and the witness saw and believed it to do so; or because the witness 
believed it to have taken place, though it did not in fact do so; or because the witness was actuated 
by a wish to deceive, and made the allegation without believing in its truth. Call the event 
alleged E,, and as a convenient mode of expressing the probabilities involved in the investiga- 
tion, let there be m —1 other events F,......£,, which include, first, all those by the belief in 
the occurrence of which the disposition, on the part of the witness, to make the particular 
allegation could be influenced, whether they might in fact have occurred or not: and secondly, 
all those which the witness might be induced to allege on the particular subject, without beliey- 


ing them whether they could or could not have occurred. 
u2 
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Take then, 

h h, h, 

Sh’ San SR? 

the respective probabilities of the happening of the events H,... E,, as derived from our knowledge 
of the nature of the events themselves; 


a, As a 


3 d Ceeveseee > 
La Za ya 


_ _ 


the probabilities that they will respectively be alleged, the witness not believing the one alleged 
to have occurred ; 


wu the probability that the witness is not deceived ; 

v that the testimony is not given with a knowledge that it is false; 

p, that the occurrence of E, would cause the allegation to be made; 

p; that the occurrence of FE, any one of the events H,... HE, would do so; 
a, that the fact alleged is true. 


Now the occurrence of E, will cause the allegation to be made, if the witness be neither deceived 
nor intending to deceive, of which the probability is wv ; and also, if both the one and the other, 
provided the event chosen for the purpose of deceiving be that which in fact occurred. 

The probability of the hypothesis is (1 — w) (1 —v), and the probability of the particular mode 


of being deceived being the believing in the occurrence of some one of the events E,, other than 


E, is , since E, cannot be believed, but if H, be believed, the probability that EF, will 


b, 
Spe 
be alleged, is ae since E, will not be alleged; the probability therefore that H, will be 
aa— ia, 

a, b, 
Sieh Pose: 


And the whole probability that E, will be alleged on the hypothesis is 


ay S b 9 b, , 
Sb-b, | Sa-a Ya-a, 


believed, and F, alleged is 


Hence, 


ay, b b, 
=o (a=) IC 0) = : 
Bre Al Teas Deal ta-a a= 
Again, the occurrence of E, will cause the allegation to be made, first when the witness is 
deceived, and does not intend to deceive, but believes E, to have occurred. 
The probability of the hypothesis is (1 — w)v. 
that EF, will be believed, and therefore alleged — 
Secondly, when not deceived, but intending to deceive. 
The probability of the hypothesis is «(1 — v); 
: a 
that E, will be alleged Sea: : 
Thirdly, when both deceiving and deceived provided among the modes of deceiving the allega- 
tion of the occurrence of E, be not chosen. 
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The probability of the hypothesis is (1 - uv) (1 — v); 


that the belief in the occurrence of E, is the mode of being deceived, = eae . 


that E, will be alleged, E, being believed, zz 3 

Sa"— a; 

a, b, : 
2b - 6; Sa-a,’ 


the whole probability, on the hypotheses, that E, will be alleged, is 


that E, will be believed and £, alleged, 


a S b b, b; |. 
SHG ples dnl Gate oh 


E, and E; being excluded in the several values of ,, because one is alleged and the other happened. 


Hence, 
= Ga U)v wou a Li @ 1 v) a S b a, a; | 
oo SSeS er, ae Sian Sala See Silas 
Pp a 
Sh 1 
And . 
‘ Pihy s Pili he _ h 
Sh- tu dh Phos 
The value of Sp,h; being 
h h { h h 
Bah (l= ob ed fats Wek 
Deh a: Seerer Sa} to ida br a ra 
b b, \\ h Te oe | ah ah 
-u)(1- =——-- AS -— a = sia { 
O°) (| Sa-a Sa-a,J\~Sb-6  Sb-0,) \“ b-0)(Sa-a)  (Sb-0,)(Sa-a)| 


It is here supposed that the occurrence of an event, which is not believed to have occurred, will 

not affect the disposition to believe in the occurrence of any one event which did not occur in 
preference to any other; and that the disposition to allege the occurrence of any event which 
is not believed to have occurred in preference to any other, is independent of the event which is 
believed ; if this assumption be not made, the values of a will be different for different values of r, 
and the values of b different for the different values of i, but the process will be the same. 
- The expression for =p,h; is adapted to the case of all the circumstances by which the belief 
or veracity of the witness can be influenced being known; when the data are less complete the 
expression becomes much simplified, the result of course becoming less accurate, as from the insuf- 
ficiency of the data it must do. 

Taking 


1 h b, b, aL a, a, 7] 
—= A; =(1—u Se eee —v SS ——— 
& Sp;h; = ( west Spb Sat as 4 - 


+a-wa-») [fs slag 3s Se } 


Sa-a Sa-a, 


{s h a,.b a,b, ] 
“h, (Sb—b)(Sa—a) (Sa—a) (Sb-b) f° 

If the data be so incomplete, that among the events by the occurrence of which, either the 
belief of the witness, or his disposition to allege one fact in preference to another, is influenced, no 
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reason be afforded for thinking that one rather than another has occurred, h =h,; and therefore 
De 2 
= disappears from the formula. 
uy 

If among the events, the belief in which may have prompted the allegation, no reason be 


shewn why one rather than another should be believed, 6 = 6,; and the multiplier of (1 — w)v be- 


=b-b ; 
comes = 
=b-—5b 
Similarly, if no reason be shewn why the witness in attempting to deceive should make any 


a, a, 
= a, 7 

And lastly, if in the case of a witness both deceived and intending to deceive, if there be no 
reason why the probability that he would allege any one fact should differ from the probability that 


particular allegation rather than another, > 


he would believe any other, a = 6; and the multiplier of (1 — «) (1 — v) becomes (: aS g ) ; 
a-a 
With these hypotheses we therefore have 


5 SPs Game G—sue@= ad —o) (1 2 < -) , 
And with the same assumptions, 


py = uv + (1 —u) (1-0) 


San 
And 
1 1 1 1 a 
Grate Bea) eer, 
—— Th; p; = NN ES cov vont 0c (A). 
ae Gye. 
Thee Eset least 
u v Da-a 


The next material allegation was made by another witness to the effect, that she saw the accused 
exchange some pills which she had procured for others: the evidence of this fact, as of the former, 
is contained in the testimony of a single witness; but the antecedent probability of its occurrence 
is different as we do or do not believe that previously alleged. If then z, be the probability 
that this allegation is true, 


Geo_—_—_————-=".—.—.c.cCcCcCcCc_c_x_"“” 


1 
1+ ———————— 
Pi shim +h, - ™)} 


the previous notation being preserved and adapted as regards the value of its symbols to this 
particular allegation, 


=p, {hy + hi} - m)}> 


i il Neg 
SOE Ct a D(h +h) 


being the probabilities of the occurrence of E,... E,, on the supposition that the previous fact is 
true, and 


hi h, 
S(h hy’ ath ES Sh+ hy? 
on the supposition that it is not true. 


Among the means of assigning numerical values to the probabilities of the accuracy and 
sincerity of a witness, the comparison of the allegations of different witnesses as to immaterial 
facts is one of the most important. This witness also alleged, that she saw the accused procure 
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the pills for which she substituted others from a surgeon, the surgeon however alleged, that if 
she had done so, an entry should appear in a book that he produced, which entry did not appear. 


Let p, p; be determined as in the value of 7,, and let 
e be the probability that the surgeon omitted the entry from design ; 
f that he did so from neglect ; 
Q that the fact alleged is true. 

Then the truth of the allegation is consistent with the non-appearance of the entry ; 
firstly : if he designed the omission, of which the probability is e ; 
secondly: if he did not design the omission, but neglected to make the entry of this, the pro- 

bability is (1 — e)/f. 

Again, whatever may have caused the allegation, any hypothesis which excludes its truth 
may be taken also to exclude the possibility of an entry being made; and therefore 1 will measure 
the probability of its not appearing, on every hypothesis but that of the fact having occurred. 

1 
: Sh 
"hipite+F Gah t! 

Referring to the expression for 7, the probability of a fact being true, which has no other sup- 

port than the testimony of one witness, we see that the values of w and v which satisfy the equation 


Hence Q = 


1 


1 
(SSS 


1+ = ph 


Ph, 
are those which they would possess if the probability Q were raised by the testimony of this 
witness alone, and this equation therefore affords the means of correcting the values of those 
quantities. 

The next independent fact was, that the accused bought As; it depended for its evidence 
on the testimony of a single witness; if therefore +, measure the probability that she did so, 
a, will be determined by the formula for 7,; the numerical values being adapted to the particular 
allegation. 

The witness, who spake to the making of pills, also alleged that she saw some given by the 
accused to the deceased; and that she herself took one of them which produced effects similar to 
those produced by As: as far as this testimony is concerned, the probability that poisonous pills 
were administered is compounded of the probabilities that any were administered, and that those 
given, if any were so, were poisonous. In this example it is assumed, that the probability that 
poisonous pills were given by the accused to the deceased is, as far as the testimony of this 
particular witness is concerned, the same as the probability that her previous allegation is true, 
or 7}. 

Let then P, be the probability that the accused knowingly possessed poison, 

P, that she administered it, 
P, the probability of guilt. 

Then, as far as these facts are concerned, 

Po= P,. P,. 

Now each of the facts, whose probabilities are measured by 7, 72, 73 and 7, afford some 
probability that each of the facts whose probabilities are measured by P,, P, is true, and the 
falsehood of any number of them less than the whole does not render either P, or P, 0. The 
complete expression for each of these quantities will therefore be, 
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Ty T3 + kya m2 (1-73) ats kya, (1-72) 13 + ks A—m) m1 
+  ky(Q—m)? mm, + kes, 1—m) (1-72) 13 + eg, (1-7) m7, (1-3) + fy mw, (1-7) (1-73) 
+ hk, (1—71)? wz (1-73) + hy =(1-7)? =) 3 + yom (1-7) (1-772) (1-715). 

Both the facts being certain when all the circumstances concur, the factor of the first term 
is 1; k,, ks, k; are the probabilities that the inferences are true when three only out of the 
four elementary facts concur, and the remaining one is false; k,, h;, he, kz, when two are true 
and two false; and ky, ky, k,) when one only is true; %,, &c. are not or not necessarily the same 
in the value of P; as in that of P,. 

The evidence in this case is so far complete, and would or would not warrant the conviction 
of the accused, as P, did or did not exceed or equal the standard of conviction; there was 
however in the particule case a subsequent chain of facts spoken to. 

First, a witness alleged that he sold the accused As after the administering first spoken to: 
if p, be the probability that this allegation is true, pr will be determined by the formula for z,. 

Let Q,; be the probability of the possession of As by the accused, with knowledge, after this 
allegation. 

Then Q,=1-(1 — P,) G —- pi): 

With regard to the administering subsequent to the second purchase, three witnesses severally 
alleged, that they saw the accused administer a white powder, whose appearance, from their de- 
scription, corresponded with that of As. 

For the probability that this fact is true, let g,, 75 8, be the respective values of p in 
the formula for a, for each of these witnesses respectively, and let p, be the probability sought. 
Then, preserving the remainder of the notation, 

1 


[ie = ip 
=— / UE 


1+ 
"Ars hy 


But the fact of possession, with knowledge, of which the probability is Q;, concurring with the 
admitted cause of death, affords, independently of the last fact, some probability of the second 
administering. 


Hence, if Q, be this latter probability, 
= 1h pe +1, —p.)}-Q + 4,1 — Q)) - pos 


1,, 1,, and J, being the respective probabilities that As was administered, when it was possessed ; 
and something i it was administered, when it was simply possessed, and simply when some- 
thing like it was administered ; the cause of the death being in all the cases assumed. 

After this second series of facts, we get 


P,=1 -(1- P,P.) - Q,Q,) =P, P. + QQ, — Pi P,). 


The numerical values below are assigned for the purpose of completing the illustration, and not 
with a view to obtain the actual numerical result in the particular case, the assigning of those values 
is no part of the scientific process, but is determined by a consideration of the situation and character 
of the witnesses, and of the manner in which they give their testimony, 

The operation is also completed for the purpose of shewing, by the attempt to assign numerical 
values, that the practical approximation to a correct result must necessarily be a rude one. Though the 
elementary probabilities are expressed by low numbers, the resulting numbers rapidly become very 
large; and to assign at once the value of the resulting Srobability: without the assistance of the 
processes of Shee ation! would be necessarily to assign thant very inaccurately ; and the process of at 
once determining the consequences of that value must be affected with at least as great a chance of 
error. We may, perhaps, in criminal cases, make as small as we please the chance of an innocent 
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person being convicted ; but it must be either by increasing the chance of a guilty person escaping, 
or by rendering the practical process more perfect; if we were to conceive the elementary proba- 
bilities to be elicited by the skill of science, and presented to the jury as separate issues, they would 
then have to decide on simple facts instead of on complex series of facts, and the remainder of the 
process would be logical deduction, and therefore would exclude the possibility of error. A result 
so obtained would possess all the accuracy of which the subject is capable: by as much as the prac- 
tical process differs from this, by so much is it, as far as mere accuracy is concerned, inferior: the 
difference is the price of practicability. 
In the value of z, 


a 1 
U == | OR ee s) — 0. 
ane = yananel Sa a? 500% 

1 111 

Phen 4. 
Pily Ps iP To00 
a ee 

an Tv SSS 
re a1 


For determining the value of zy. 
1 
i 1 
“Ap fe+fa—o} 


The values of « and v being assigned independently of this particular allegation. 


1 1 1 1 a 1 
2hiPis 7-1 PS t05 (5-1) >a 0: oe 


First = 
a 100 =a-a_ 100 


1 301 
Th —— Sh; p; 
& hy p iPi > 30000" 


3 1 
and et Pl, ft5 Fl, 


ft. 43 2500 
CS SS i canal 
oa hpi je+f(i-e)} iPi > 2500 are 


Since Q differs so little from 1, the values of « and wv are not materially diminished by the 
evidence as to this collateral fact. 


emming. therefore. Ts pr anld ey g : 
ssumin therefore, — — 1 = — Z --l=@2 —————(s> — 
& U 200° v > Sa-—a _ 100 


~ 


? 


43 100 + x (20000 + 99) 
2500 20000 + w 


> 
whence x - == 


1 - ° . . 
Employing then this value of aaa in the expression for 72, which is 


1 


1 
West 7 ZA; P;> 


h 
{rn a. qai- mp hy 


, 


a 1 h 1 
=—, and — + — 
Sa-—a 50° i, * 100" 


Vor. Vitis Bard IT. x 


and putting 
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1 Shep. 314413 
ol 7 hi ( ) Mi Pi® F641 8208° 
Pi 1)™ hi us 
1641 
and a, << —— 
aS 1673 
3 
For 7; Witgee Nai) =e 
1 > 1 
hy P, a; Pi 3° 
and 7; +-— 
1000 1641 3 
For the values of P,, P,, then 7 —,7 3d - 
19 29 rr 2X i673? at 
And for P, alone, substituting the values 
99 18 8 49 11 
LoS Sea k, = 1, kz = 2, k,=1, ks = 2, ke= 5? hie Nala ky = 1, i= ae 
and observing that each of the coefficients k;, k;, k;, and 4, multiplies the sum of two terms, 
121 
we get Pi ¢ ee 
PorePs, 

199 98 195 19 1 1 101 
hk, =1, ko=1, kh. = — = — 5 =— ——— k, =1 | aS See eS; 
Pe oiois. Mawes TOOK aide TOO s 100s 104 2) 8S 00 00S ane 

122 14762 
Whence P, t+ —, and P, P, t ——. 
123 15129 
Again, fi z 1<t : 1=0 
C 1 >= —5 -— = 
Brn Ol ag 40° v 2 
1 1 40 
——Sp;h — man 
Te Dil purges 
5041 
and 
Q + 5043 
Also in the value of p, for each of the quantities q, 7, s, 
om 
1 1 1 1 a 1 
—-1}—, ——1-> —, and —— +} —; 
7 5? v Ta Saoa io 
9 459 
“q, 4501 
Whence results 
96702579 


r} 


1 h 
“ris; : p, We + 91282466080 


911 


and pe + aia" 
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And for Q. = {l,p2 + 4 (1 — px)} Q + bps (1 -— Q), 


99 4 


// aazaae 
100” 2 10” 


5041 
5043” 


9 
at a Ser and Q, ¢ 


45500 2293 


which give Q, + a500e and Q, Q. + San 


3508 
3509" 


ane P, =P, P.+QQ (1 — P,P.) + 


In the following cases, Professor Starkie has assumed that a probability to be conclusive 
must be indefinite; they are inserted here for the purpose of shewing that conclusiveness is in- 
dependent of this property. 


Ex. Two pieces of cloth, on being compared, correspond with each other at the junction; to 
determine the probability that they were originally one piece. St. 570. n. 


Let the edges be divided into » corresponding portions, and let p,, ps...p, be the probabilities 
that any cause, other than the pieces having been originally one, would have produced the corre- 
spondence of the several portions; then, it being certain that if they were originally one piece, the 
edges would correspond. The probability that this is the true cause of the corresponding, is 

1 
1 + P+ Poee-Pn 
P,> P2++-Pn, and not on the question of its value being or not being accurately determinable. 


, and the conclusiveness of the evidence depends on the smallness of the fraction 


For example, if the breadth be 18 inches, and this be divided into as many equal portions, and 


1 
if the values of p,, p....p, can be accurately assigned, and are each = The then the probability 


that the pieces were originally one, is —— a: which is a definite measure. But if, as is prac- 
»* To 
tically true, it would be difficult or impossible to assign these measures with accuracy, and we can 
~ : A aanee 1 1 ys . 
only with certainty define their limits, let p,...p, be each + Tae and < ano the probability will 
9 


1 


, and the measure will be indefinite. In either case the evi- 


then be + > 


1+ 1+ 


10" Seo" 
dence is conclusive ; but the probability whose measure is definite, is many thousand times as great 
as the other. 


Ex. A is robbed of 1 penny, 2 sixpences, 3 shillings, 4 half-crowns, 5 crowns, 6 half-sovereigns 
and 7 sovereigns ; B is found in the same fair or market in possession of the same combination of 
coins. No part of the coin can be identified, and no other circumstances operate against B. 

** Although the circumstances raise a high probability of identity, it is still one of a definite 
and inconclusive nature.” St. ib. 

The hypothesis that B is innocent of the theft is opposed by the extraordinary coincidence of the 
coins in number and value: the hypothesis that he is guilty, by the fact, scarcely less extraordinary 
that there should be guilt which did not afford any other circumstances of suspicion. It is submitted, 
that the want of conclusiveness is a consequence of the probability that guilt, if it existed, would 
have left some other evidence of its existence, being as great, or nearly as great, as the probability 
that the concurring of the coins in number and value was due to their identity. It would further 

x2 
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appear, that extreme indefiniteness is the distinguishing character of this problem. All the data, by 
which the probabilities that either 4 or B would possess this particular combination of coins could 
be determined, are wanting. The algebraic solution of the problem must therefore involve a sum- 
mation through every possible hypothesis for each datum, and no judgment could venture to assign 
limits to the resulting probability which did not leave a very wide interval to indefiniteness. It seems 
impossible to conceive any addition to the data which would render the evidence of guilt conclusive 
which would not also diminish this interval, although therefore the conclusiveness would not be a 
consequence of the greater degree of definiteness, the progress towards the former would neces- 
sarily be accompanied by a corresponding progress towards the latter. 


JOHN TOZER. 


Tempiy, March, 1844. 


XIII. On the Motion of Glaciers. By Wittiam Hopkins, M.A., Fellow of 
the Cambridge Philosophical Society, of the Geological Society, and of the 
Royal Astronomical Society. {Second Memoir. | 


[Read Dec. 11, 1843.] 


1. In my former Memoir on the Theory of Glacial Motion, I have given a full develop- 
ment of the sliding theory as supported by my own experiments. According to the views there 
advocated, a glacier is a dislocated mass, all the planes of dislocation, or of discontinuity in the 
cohesive power being vertical or nearly so, and thus facilitating the more rapid motion of the center of 
the glacier with reference to its flanks, but not that of its superficial with reference to its inferior 
portion. It was shewn that the lower surface must be in a constant state of disintegration, and it 
was thence inferred, that the adhesion between the glacier and its bed must be almost indefinitely 
less than that between contiguous particles of the solid ice, and that, consequently, the velocities of the 
superficial and inferior portions of the mass must be equal, or differ from each other by quantities 
small compared with that of either portion. In my present communication, I propose to investigate 
the nature of the motion on certain other hypotheses respecting the constitution of the glacial mass, 
that we may compare such motion, or the effects of it, with observed phenomena, and thus be enabled 
to judge of the admissibility of our hypotheses. I shall not include amongst these hypotheses those 
which belong to the dilatation or expansion theories, because, after the facts observed by Professor 
Forbes respecting the relative velocities at different distances from the origin of a glacier, and the con- 
tinuance of glacial motion during the winter*, it appears to me impossible not to recognise the total 
fallacy of those theories. I shall only therefore consider hypotheses appertaining to views of the 
subject which, in common with those developed in my former memoir, agree in assigning gravity 
as the immediate cause of glacial motion, but differ as to the circumstances which render it effective in 
producing that motion down planes of such small inclination. The hypotheses I shall take are as 
follows. 

(1.) A glacier may be conceived to be divided into strata, of which the surfaces are approxi- 
mately parallel to the upper or lower surface of the mass. In such case, each stratum might slide 
over that immediately subjacent to it, while the lowest stratum should slide in a similar manner over 
the bed of the glacier, or remain firmly attached to it. In this motion each stratum must be sup- 
posed to preserve its form and continuity as a solid mass, while between two contiguous strata there 
is discontinuity, in the sense in which I shall here use the term, i. e. particles originally in contact 
along the common surface of two contiguous strata do not remain in contact during the motion. 

(2.) While the upper part of the mass retains its solidity the inferior portions may be conceived 
to become disintegrated, so that while the component particles retain their solidity they shall lose their 
cohesion ; the disintegrated portion thus assuming a character similar to that of a mass of sand. In 
this case, we may conceive the motion of the disintegrated portion to take place by a sliding of the 
elementary component particles past each other, each particle or element of the mass retaining its 
original form, like the hard grains of sand during the motion of a mass of that substance. 


* Travels through the Alps of Savoy, §c., by Professor Fo:bes, | who wish to obtain a knowledge of glacial phenomena, or who feel 
p. 361.—This work is full of admirable and well-digested details, | interested in the many objects of beauty and sublimity which the 
founded on the most careful observations and admeasurements, and | Alpine regions present to the traveller. 
cannot be too strongly recommended for the perusal of all persons 
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(3.) The glacial mass may be conceived to have the property of great plasticity, and to move 
by a change of form in the elementry particles composing it, the continuity of the mass, in the sense 
above defined, being strictly preserved. It is in this sense that the continuity of a fluid is assumed 
to be preserved in those cases of fluid motion which have been subjected to mathematical analysis. 

(4.) The mass may be supposed to be viscous, and the motion to take place partly by a change 
of form in the elementary portions of the mass, and partly by the destruction of the continuity sup- 
posed to be strictly preserved in the preceding hypothesis. 

My immediate purpose in this communication is to investigate certain properties of the motion 
which would exist in glaciers constituted according to these several hypotheses, and to examine 
somewhat more in detail than in my former memoir, the state of internal pressure and tension super- 
induced by the unequal velocities of the central and lateral portions of a glacier. The explanation 
of this inequality of motion given in my former memoir, will apply with little alteration if we should 
adopt any of the preceding hypotheses ; it will not therefore be necessary to recur to that part of 
our problem. We shall have to examine more especially the relative motions of the superficial and 
inferior portions of the mass, to ascertain how far they may be consistent with observed phenomena, 
and thus to test the truth of our hypotheses. 


2. Let us first suppose the glacier stratified as in (1). 
Fig 1 
7 eer) c 
BD = — 
2 ee Ee G 
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B 
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Let ABCD represent the vertical section of a mass reposing on the inclined plane AB, 
making an angle a with the horizon; and let WN represent the surface of one of the strata of 
which we here suppose the mass to consist. We have first to consider under what condition the 
upper part CDMN would slide over that on which it is superincumbent. Assuming the absence 
of all cohesion between contiguous strata, the only force opposing the sliding motion will be 
the friction along the plane MN. Now so long as the original texture of the lower surface of 
the sliding body and that of the surface on which the motion takes place, remain unaltered by the 
weight of the sliding mass or other cause, it is well known that the inclination at which the 
sliding will begin is independent of the weight of the sliding body, and that, if the inclination 
be a, we must have 

tana=p, 

where p is the constant ratio which friction bears to the normal pressure. If tan a were greater 
than p, the whole mass would begin to move; and (supposing the friction the same throughout) 
in such a manner that the relative motion of each stratum to the one immediately subjacent to 
it would be the same for all the strata. Consequently, if we could ascertain from observation 
that no such relative motion existed in the upper strata, we should be certain that none existed 
among the inferior strata, unless at depths at which the assumed condition that the texture of 
the sliding surfaces shall remain unaltered, may be no longer satisfied. 

Now judging from the observations I have made on the descent of ice down inclined planes, 
I much doubt whether it be possible that two surfaces of ice at a temperature below that of 
freezing could, under any circumstances, be so smooth as to admit of the sliding motion above 
contemplated at an inclination so small as that of some observed glaciers; and therefore I believe 
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that no such motion would take place in such a glacier, for instance as that of the Lower Aar, 
even if it were perfectly stratified, and there were no adhesion whatever between the strata. Much 
more then is such motion impossible in the actual case of a glacier in which there is little or no 
indication of stratification, and none whatever of the want of powerful cohesion between two 
contiguous portions separated by any nearly horizontal plane, such as MN. If, then, any mo- 
tion of the upper portion take place by its sliding over a lower portion, it must be at a depth at 
which the hard and crystalline structure of the ice is destroyed*. This brings us to the second of 
the cases above specified, as possible modes in which glacial motion may take place. 


3. There are three causes, I conceive, which may tend to destroy the crystalline structure 
of the mass—temperature, moisture, and pressure. With respect to the first we may observe, 
that during the summer the interior temperature, except at points very near the lower surface, 
must necessarily be lower than that immediately beneath the upper surface, where however, there 
is no such disintegration of the ice as we are now contemplating. Consequently there can be no 
such disintegration, as the result of temperature, in the interior of the glacier. Similarly with 
respect to moisture, if no sensible disintegration result from it near the upper surface where it is 
most completely disseminated by immediate infiltration, it is not to be supposed that any such 
effect will be produced in the interior of the mass, except at points so near its lower surface as 
to be within the influence of the sub-glacial reservoirs and currents. 

It would seem then that the only cause to which we can refer any disintegration of the mass, 
except at points very near the lower surface, must, be the pressure of the superincumbent portion. 
And this must be allowed to be a possible cause of such an effect, for it cannot be doubted that 
if ice formed under a small pressure were exposed to a very great pressure, its crystalline structure 
would be effectively destroyed. Still it does not follow that we can assert it to be probable 
that such is actually the case in existing glaciers; for the hard crystalline structure of glacial 
ice is doubtless acquired gradually, and probably, in its ultimate degree, under a pressure which 
bears a considerable ratio to the greatest pressure to which it afterwards becomes subjected ; and 
on this account I should deem it the more probable hypothesis that no part of a glacier becomes 
disintegrated merely by the pressure which it sustains. Without dwelling, however, on the 
assertion of probabilities, we may, to a certain extent, appeal to observation, M. Agassiz has 
descended a vertical fissure to the depth of nearly 200 feet, but we hear of no appearance of 
change of structure in the ice, such as here supposed, and which, had it existed, could hardly 
have escaped his observation. But more conclusive evidence is found in the bore which 
M. Agassiz sunk to the depth of nearly 200 feet. At the bottom of it the ice was found to be 
excessively hard, and so little had its structure yielded to the pressure which it sustained, that 
its specific gravity could scarcely have exceeded that of the superficial ice, as proved be the 
facility with which the broken fragments rose from the bottom of the bore to the surface “when 
the bore was filled with water. At the depth of the bore, then, we may assert the absence of 
eyen the smallest tendency to disintegration, and therefore we are justified in concluding by in- 
duction, that no very sensible effect of that kind existed at considerably greater depths, as for 
instance, at the depth of 300 feet or upwards. 


4. Nor does it appear to me possible that glacial ice, retaining its crystalline structure, 
should possess a degree of plasticity sufficient to admit of a motion of the kind above specified in 
(8). It may be conceived to be possible that the elementary particles of a fluid mass should change 
their form indefinitely, and that a continuous motion might result from such change; but solid 
bodies are susceptible of a relative motion of their parts, from this change of form, by the action 


* It was stated by M. Agassiz, in his Etudes sur les Glaciers, | over the lower portion, so as to indicate the relative motion above 
on the authority of M. Hugi, that the upper portion of glaciers | described. It is now well known that there is a remarkable absence 
may be observed in deep transverse fissures to project in strata | of such appearances. 
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of external forces, only to a very limited extent, especially when in large masses. Thus if a force 
be applied to lengthen a given solid mass, a small extension will be the immediate effect; but 
however long that foree may be continued, or however slowly it may be increased, we know of no 
hard solid substance capable of more than very small extension, so long as it retains that structure 
on which its hardness and solidity depend. Metals, for instance, with a hard crystalline structure, 
are susceptible of very small extension, until that structure is destroyed by a sufficiently elevated 
temperature, when their ductility may become indefinitely great, till it becomes fluidity. In the 
same manner it would seem impossible to believe that glacial ice, a substance of very hard and 
highly crystalline structure, can have more than an extremely small degree of extensibility ; nor 
when it approaches that temperature which dissolves it, does it appear to acquire the property 
of ductility above mentioned in metals, but to pass almost immediately from a hard crystalline 
texture with powerful cohesion, to a state of dissolution in which the cohesion is entirely destroyed. 
Reasoning thus from the known properties of ice, and from the analogies furnished by other sub- 
stances, it would seem extremely improbable that a glacier should be susceptible of a continuous 
motion due to a change of form in its component particles, independently of all sliding of one par- 
ticle past a contiguous one, and of the sliding of the whole mass over the bed on which it reposes. 
Though the two causes of motion considered in this and the preceding article are, when strictly 
analysed, essentially distinct, the motions resulting from them, so far as such motions can be 
subjected to observation in glaciers, would be nearly the same. Disintegration of the mass would 
seem to be essential for the effectiveness of either cause. No evidence whatever of such disintegra- 
tion has been obtained from observations made at accessible depths in glaciers; but supposing it to 
exist at greater depths, it would seem to me far the more probable that it should reduce the 
mass to a state more analogous to that of an aggregation of sand, than to that of an extremely 
plastic or semifluid substance. But whether we adopt either of these hypotheses, or that of (4) 
(Art. 1), which may be regarded as a combination of the other two, it is easy to shew, as I shall 
proceed to do, that the whole mass must necessarily, during its motion, be in a state of longitudinal 
compression ; a conclusion which I conceive to be inconsistent with observed appearances. 


5. Let the annexed diagram represent a longitudinal section of a glacier, BDH being that 


Fig. 2. 


of the bed on which it reposes. Let MQP be a line of particles vertical at any proposed instant. 
In the motion we are now contemplating each particle will have a velocity infinitesimally greater 
than that of the particle immediately below it, the lowest particle at M having no motion if there 
be no sliding, as I am now supposing, along the bed BH. Thus the physical line MQP will, at 
successive times, form the continuous physical lines Mqp, Mq‘p'. These lines, to a certain depth, 
will sensibly retain their vertical position; for it has been shewn that to a depth of about 300 feet at 
least the texture of the ice is such as to admit of scarcely a sensible change of form, or, conse- 
quently, of a sensible difference of velocity in different particles to that depth. In fact, the almost 
invariable and continued verticality of all transverse fissures to depths not unfrequently of from 
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100 to 200 feet establishes this fact beyond doubt. Hence if we draw CD parallel to AEG at the 
depth of about 300 feet, the portion of the mass above that line will have no motion except 
that which arises from the motion of the subjacent portions CD B. But the cause of motion we are 
now examining is greatest at BC where the glacier is thickest, and diminishes as we approach 
to D, where it vanishes. Consequently, the tendency to move will be greatest at the upper 
extremity of the glacier, and therefore the whole mass must necessarily be throughout the greater 
part of its extent in a state of longitudinal compression. In fact, a large portion DH of the 
glacier towards its lower extremity could have no sensible motion from the cause under considera- 
tion, (since its depth is less than PQ), except that produced by the pushing force exerted upon 
it by the other portion. 

Now this state of longitudinal compression appears to be quite inconsistent with observed facts, 
at least during the summer-months, when the motion is probably always greatest. During that 
season, the velocity on the Mer de Glace of Mont Blanc appears to be considerably greatest near the 
lower extremity, and all observed glaciers, as already stated, are traversed by numerous transverse 
fissures—facts which indicate unequivocally a state of longitudinal extension, and not of compression. 
M. Elie de Beaumont has remarked the obvious appearances of extension which glaciers present, and 
Professo: Forbes has borne testimony to the truth of the remark. In winter, it is probable that 
there may be a tendency to more rapid motion near the upper extremity of the glacier, as explained 
in my former memoir (Art. 11), and a consequent tendency to produce compression ; but if the prin- 
cipal part of the motion were due to the particular constitution of the mass above supposed, the 
tendency to compression would be most obvious during summer, when the motion is greatest; a 
conclusion totally at variance with the results of observation. 


Hence, then, it appears that any theory resting on any of the four hypotheses respecting the 
constitution of a glacier ‘above stated (Art. 1), is not only raised on a foundation unsupported by 
direct experiment, but leads to results opposed to those of direct observation. The theory which 
assigns the viscosity of the mass as the principal cause of glacial motion necessarily involves these 
difficulties, so far as it pretends to any distinctive character which may separate it from other 
theories, which, in common with it, assign gravity as the primary cause of the motion to be accounted 
for. The absence of longitudinal compression in a glacier is equally opposed also to the theories of 
dilatation and expansion. 


Formation of Transverse Fissures. Since the publication of my former memoir, I have 
discovered that the explanation there given of the origin of transverse fissures, and of the fact of 
the convexity of the curves which they form being towards the upper extremity of the glacier, 
is imperfect. I shall now offer what appears to me to render the explanation complete. 

In this investigation we shall only be concerned with the difference of the velocities of the central 
and lateral portions, for, at least to the depth to which observed fissures extend, there is certainly 
no difference of velocity for particles in the same vertical line. We may therefore consider the 
glacier independently of its thickness, or as a lamina of ice. The explanation will thus, in some 
degree, be simplified. 


6. When a plain solid lamina having a small degree of compressibility and extensibility, is 
brought into a position of constraint by forces acting in the plane of the lamina, the particles on one 
side of a geometrical line will exert certain forces on the contiguous particles on the opposite 
side of the line. If the lamina were formed of fluid particles the resultant action at each point 
of this line of separation would be normal to it; but when the lamina is solid this will not 
be generally the case, and therefore the force at any point of the line may be resolved into 
two forces, one being normal and the other tangential to the line of separation; all forces being 
supposed to act in the plane of the lamina. Suppose the line of separation to be a straight line 
A'A parallel to the axis of 2, and let pq be a portion of it so small that the action on each 
point of pq may be considered equal. Let V,.pq denote the normal force exerted by the 


Vor Villa Parr 1, 6 
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particles immediately above pq in the annexed figure, Fig. 3. 
on those immediately below it, estimated in the direction B 

qB; and let f.pq represent the tangential action on pq. 
Again, let the line of separation coincide with B’B, paral- 
lel to the axis of y, and perpendicular to 4’4; and let 
X,.qs denote the normal force exerted by the particles 
immediately on the right of gs on the contiguous particles 
immediately on the left of it, and f’.qs the tangential 
action. Join p and s, and let a perpendicular to ps 
make an angle @ with 4’A or the axis of w. Then if 
X.ps and Y.ps be the resolved parts of the forces 
which the particles on one side of ps exert on those on 
the opposite side, estimated in the direction gd and qB 
respectively, we shall have 


X = X,cos 6 + fsin 0, 
Y = Y,sin6 +f" cos@. 
To prove these formule we have only to observe that the forces acting on the sides pq and 


qs of the triangular element pqs must be in equilibrium with the forees —X and — Y acting 
externally on the side ps, neglecting small quantities of the third order. Hence we have 
— X.ps+X.9q5 +f. pq =, 
—-Y.ps+Y,.pq+f .qs=09, 
PY 


: F s 
which, since — = sin@, and aig cos@, prove the above formulx*. 
Ds ps 


We have also the relation 
iii 

To prove this equation, complete the rectangular element pqsr. A tangential force will 
act on the element along the side rs in a direction opposite to that of the tangential force (f) 
acting along pq, the intensity of which will not differ from f by any finite quantity; and 
similarly, a force (f’) will act on the side pr in the direction opposite to that on gs. The 
moments of these forces with respect to the middle point of the rectangular element, will be 

Zf-pq-qs, and 4f'.pq.qs. 

The direction of the resultant of the normal forces on qs will pass at a distance from the 
middle point of the element small compared with qs; that distance will therefore not exceed 
a quantity of the second order; and consequently the moment of the force X,.qs about the 
middle point of the element will not exceed a quantity of the third order, and may be neglected 
in comparison with the moments of the tangential forces f and f’, which are of the second order. 
Hence, the equilibrium of the element requires that we should have 


Bf .pd-98 = $f -Pd- 1; 
or fe=f- 
With this condition we have 
X = X, cos 0 +f sin 0, 
Y = ¥, sin 0 +f cos 0. 
If a line be drawn through q parallel and equal to ps, the distance between the two lines 
will be a small quantity of the first order, and therefore the action on the line through g may 


* See Poisson’s memoir ** Sur Je Mouvement des Corps élastiques,”’ in the Mémoires de l’ Institut, Vol. 111. p. 383. 
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be considered to have for its resolved parts the forces Y and Y, from which they cannot differ 
by quantities exceeding infinitesimals of the first order. 


7. Let the length of ps, or of an equal and parallel line through g, =; the resolved 
parts of the forces upon it will be XX and XY. Let AR be the force on d estimated in a 
direction making an angle p with the axis of x, then shall we have 


AR=rX.cosp+rY.sin g, 
or R= Xecosp + Ysing; 
R is therefore a function of the two independent variables @ and @; and I shall now proceed 
to find the values of @ and @ which render R a maximum or a minimum. Differentiating with 
respect to @, we have 

0=X sing — Y cos@, 

which shews that for any assigned value of 6, or position of the line of separation, the max- 
imum value of R will be that of the resultant of Y and Y, and the corresponding value 
of @, that of the angle which the direction of that resultant makes with the axis of «. 
Differentiating with respect to @, we have 


aX OAs 
ag cos @ + FT) sin @. 


Substituting for X and Y in these two equations, we obtain 
(X, cos 0 + fsin 8) sind — (Y, sin @ + f cos 8) cos p = 0, 
(X, sin @ —f cos 0) cos @ — (¥, cos @ — fsin 8) sin p = 0. 
Eliminating @, we have 
(X, cos @ + f sin 0) (.X, sin @ — f cos @) - (Y, sin 6 + f cos #) (Y, cos 0 — f sin 0) = 0, 
-. (X,f + Vif) (sin’@ — cos? @) + (¥{ — ¥%) sin 6 cos @ = 0; 


*, tan 20 = 


Again, from the two preceding equations containing @ and @, we have 
(X, + f tan @) tan @ — (¥;, tan + f) = 0, 
(X, tan 6 — f) — (1%) — f tan 6) tan @ = 0, 


or 


X tang — Y, tané + f tan @ tan @ — f = 0, 
X, tan @ — Y, tang + f tan @ tang — f= 0. 


8 and @ enter exactly in the same manner in these two equations, and must therefore be equal. 
Hence 


af @) 
EE Sa Bc de eee nes ED) 
¥ Xx,-, 

Equation (1) shews that there are two positions of the line of separation through any proposed 
point, at right angles to each other, for one of which the resultant action between the particles on 
opposite sides of the line at the proposed point is a maximum, and for the other a minimum; and 
since @ determines the direction of the resultant action, equation (2) proves that direction to coincide 


with the normal to the line of separation, whenever that line is in a position for which the 
Ye 
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resultant action is a maximum or minimum. ‘These conclusions may also be arrived at by some- 
what different though equivalent reasoning, as follows. 


8. First, to find the value of @ which gives R a maximum or minimum, we have 


AG ae. 
and therefore 
dX dy 
VS A¢ == = 
eT 


which by substitution and reduction gives 
(X\f + Y,f) (sin? 6 — cos’ 6) + (X7{ — Y}) sin 8 cos@ = 0, 


or 


And, secondly, taking @ as the angle which the resultant of XY and Y makes with the axis 
of z, we have 
ee aes sin 8 serene 
X X,cos@ + fsind 
and if we put @ = 6, we shall determine that position of the line of separation for which the direction 
of the resultant action at any proposed point of it coincides with the normal. We thus obtain 


sin @ {.X, cos @ + f sin 0} = cos 6 {Y, sin 6 + f cos 0}, 


or 
(X, — Y,) sin @ cos @ = f (cos @ — sin’ 6) ; 
2f 
otal 
X,-Y, 

This equation shews that that position of the line of separation for which @ = 6, is that which 
corresponds to the maximum or minimum action between the contiguous particles on opposite sides 
of the line, as before proved. 


9. The maximum action here spoken of is the maximum tension at the proposed point, and 
since it is perpendicular to the corresponding line of separation, there will manifestly be the 
greatest tendency to form a fissure along that line, and a fissure will be formed along it if the 
maximum tension be greater than the cohesive power at the proposed point. 


10. To apply the investigation to the case of a glacier, let PQ (fig. 4) be a portion of the 
mass contained between two parallel vertical planes perpendicular Fig. 4. 
to the axis of the glacier and indefinitely near to each other. 
By the more rapid motion of the central part, the element PQ P| 9 
will be brought into the position P’Q’; and if pgrs be an infi- Pi ae Q 
= 
| 


nitesimal rectangular portion of PQ, it will be brought into the 
position p’q’r's’. Let the longitudinal axis of the glacier be that 
of w. The tangential force f will arise from the greater velocity | 
of the central portion of the mass. It will be of the same in- 
tensity, as above proved, for each side of the element, and will 
manifestly act on the sides respectively in the directions q's’ Pie Ola 
and r’p’, q‘p' and 7's’. It is this force which distorts the element 
from its rectangular form, he longitudinal force Xy will 
generally be a tension arising from the greater velocity near the lower extremity. The transverse 
force Y, in actual glaciers, in which the sides have so generally some degree of convergency, may be 


~ 
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frequently large, and in the preceding formule must be made negative, because it will generally be a 
pressure, and not a tension. Equation (1) thus becomes 

af 
LCE A 

If YX, = 0, and Y, = 0, @ = 45° or 135°, In the case before us it is easily seen that the former 
of these values corresponds to the maximum and the latter to the minimum value of R; and, there- 
fore, the direction of greatest tension at p’ will bisect the angle r'p’g’, that angle being supposed, 
as in the previous reasoning, to differ but little from a right angle. Consequently the greatest 
tendency to form a fissure will be along a line bisecting the exterior angle rp’q’, If the value of 
X,\+ Y, be finite, that of @ will be less than 45°, and the direction of the fissure will so deviate 
from the above-mentioned position as to approximate more nearly to perpendicularity to the sides 
and axis of the glacier. 

If the angle q'p’r’ should deviate from a right angle by a finite quantity before the fissure 
should be formed, it would not be difficult, to shew that the line of greatest tension might be still 
considered to bisect that angle. This would cause a still further deviation in the direction of the 
fissure towards perpendicularity to the sides, 

Since the relative motion of particles situated in a transverse line varies most rapidly in the 
lateral portions, the value of f will be greatest near the sides, and vanish along the axis of the 
glacier ; while the value of X, + Y, will be approximately the same at the sides and center. Conse- 
quently, the value of @ will diminish as the distance from the sides increases, and the fissures will 
be curved ; the curvature being most rapid near the sides of the glacier, and the convexity being 
turned towards the upper extremity of the glacier. The force f will probably be much more 
effective than .X, in producing the fissures near the sides of the glacier, while X, will possibly be 
the more effective in the central portion. The incompleteness of my former explanation consisted 
in ascribing the phenomena to the latter force only, to which alone the reasoning there applied 
is applicable. The above investigation appears to me to offer the complete solution of the 
problem. 


tan 20 = 


11. Riband or Laminated Structure—lI have made no attempt to account for this curious 
structure in glacial ice; but I would observe that it appears to me impossible that it should be 
due, as some persons, I think, have supposed, to internal tensions or pressures, producing, as their 
direct and immediate effect, an almost infinite number of parallel fissures, into which water percolates, 
and forms, when frozen, the bands of blue ice. It is conceivable, as an abstract hypothesis, that 
a mass should be accurately homogeneous, and that the external and internal forces should be such 
as to have exactly the same tendency to produce a fissure at one point of the mass as at another ; 
but practically, this state is no more possible than that a body should rest in a position of unstable 
equilibrium—that a cone should rest permanently on its vertex, or a needle on its point. Allowing 
the nearest practical approximation to this state of the mass, fissures would necessarily begin to be 
formed, first at particular points, after which the uniformity of condition throughout would be 
instantly destroyed, and irregular fissures at intervals, large, compared with those between con- 
secutive bands of blue ice in the riband structure, would be the necessary consequence. I repeat, 
that the formation of a system of parallel fissures, of sensible or insensible width, at distances not 
exceeding a few inches, in the mass of a glacier, is no more possible than that the mass should 
permanently maintain a position of unstable equilibrium. 

The internal pressures and tensions here spoken of are the consequences of external forces acting 
on the mass, such as gravity and the resistances of the rocks with which the glacial mass may be in 
contact, There is, however, another class of internal forces, the molecular forces, the existence and 
nature of which may be considered independent of the external conditions to which the mass is 
subjected, though their action and effects may very probably be modified by those conditions. I 
have investigated the effects of the first kind of forces, and have explained how transverse and 
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longitudinal fissures may result from their action; it is to the molecular forces that I am disposed 
to attribute the veined or riband structure, their action being modified in some unknown manner 
by the general conditions under which the glacier exists. In expressing this opinion I am offer- 
ing no theory of the curious structure in question, but only meeting the theoretical difficulty which 
it presents to us by a confession of profound ignorance of the nature and action of those forces, to 
which the peculiarity of crystalline structure is generaily due. The mechanical solution of the 


problem I conceive to be utterly hopeless, till we shall have arrived at some solution of the general 
problem which crystallization presents to us*. 


12. In conclusion, I will state the principal objections which have been urged against the 
sliding theory, and indicate the answers which the preceding investigations afford. In doing this, 
I shall refer principally to the work of Professor Forbes, already mentioned, as that in which those 
objections are most systematically stated. 

(1.) The enormous friction when a glacier moves over a bed of rock, is spoken of by all 
opponents of this theory as an insurmountable objection to it. My experiments shew that the 
friction, or rather the force analogous to friction, is extremely small. j 

(2.) Professor Forbes remarks (p. 362), “As I understand the Gravitation theory, it supposes 
the mass of the glacier to be a rigid one, sliding over its trough or bed in the manner of solid 
bodies."—I am not aware that any advocate of this theory has fallen into the absurdity of con- 
sidering a glacier as a rigid, when he has spoken of it as a solid mass. I have considered it as 
a dislocated mass, glacial ice itself having some degree of plasticity. 

(3.) When a glacier passes out of a wider into a more contracted channel, Professor Forbes 
says that “the idea of sliding, in the common legitimate sense of the word, is wholly out of the 
question."—The term “sliding” is certainly not restricted to the motion of a rigid body; it is 
applicable to any solid body, in the sense in which a glacier is considered to be such, and on this 
hypothesis I have distinctly explained, in my former memoir, how it may pass from a wider into a 
narrower channel. In objections of this nature the distinction between solidity and rigidity would 
seem to be forgotten. 

(4.) ‘* The inclination of the bed is seldom such as to render the overcoming of such obstacles 
as the elbows and prominences, contractions and irregularities of the beds of glaciers, even conceiv- 
able, being, on an average of the entire Mer de Glace, only 9°, a slope practicable to loaded carts ; 
but the greater part of the surface inclines less than 5°,” (p. 363.) This difficulty has arisen in an 
imperfect conception of the enormous pressure which, according to our theory, must be thrown on 
abrupt local obstacles+. 

(5.) Another objection is founded on the fact that changes in the rapidity of glacial movements 
are found to be simultaneous with changes of external temperature. ‘‘In order to reconcile this to 


* At the last meeting of the British Association at Cork, | facts mentioned by Professor Forbes might admit of a similar in- 


Mr. Phillips mentioned a curious fact, which seems calculated 
to throw some light on one of the modes in which external con- 
ditions may modify the action of molecular forces, assuming 
the lamellar structure of rocks to be due to such forces, It 
appeared that certain Trilobites were frequently found in some 
of the older rocks in South Wales, so deformed as to their 
general proportions as to present, to a casual observer, the ap- 
pearance of different species. On comparing, however, a number 
of cases, it became evident that the specimens had been com- 
pressed in a direction perpendicular to the planes of structure, 
from which it was justly inferred, that the general mass in which 
these remains were imbedded had probably been subjected to 
a great pressure in the direction above mentioned. It would 
seem to be a legitimate inference from this fact, that the posi- 
tion of the planes of structure had probably been mainly deter- 
mined by the direction of greatest pressure. Perhaps some of the 


terpretation. 

1 may here mention a curious effect of crystallization in the 
structure of hailstones, which may possibly have some bearing on 
the question before us. I had an opportunity of witnessing it at 
Cambridge, on the 9th of August, 1843, during one of the most 
desolating hail-storms ever known in this country. Many of the 
hailstones were of the form of rather flat double convex lenses, 
nearly as large as the palm of the hand, and consisted of white 
opaque ice in the center, surrounded by a ring of dark transparent 
ice, with an exterior ring of ice like that in the center. In some 
cases there were two or three dark rings, the central part and the 
exterior ring being always opaque. These successive rings (with 
the exception of their circular form) exactly resembled the alternate 
opaque and transparent bands in glacial ice, where the riband 
structure is best developed. 

+ Art. 15. of my former memoir. 
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the sliding theory, it should be shewn that the disengagement of the glacier from its bed depends on 
the kind of weather which affects its surface and temperature.” The action of the subglacial 
currents does fully account, I conceive, for the phenomenon in question. 

(6.) It has been contended that, according to the sliding theory, the glacier ought to descend 
with an accelerated motion. This objection never had any real foundation, but only arose, as I 
have shewn in my former memoir, from an erroneous conception of the nature of the retarding forces 
which must act on the glacier during its sliding motion, whatever might be the cause of such 
motion. My experiments, however, afford the most complete answer to the objection. 

(7.) It is said that the flow of heat from the earth is not sufficient to produce the effect which 
this theory ascribes to it:—I reply, that all which the theory requires is, that the lower surface 
of the glacier should be constantly kept at the temperature at which the disintegration of ice com- 
mences. The tangential action of the bed on the bottom of the glacier will in such case be so 
modified as to render it impossible for that action to prevent all motion. 

(8.) Another objection has been founded on the existence of glaciers of the secondary order, 
which are observed to rest on surfaces of great inclination. Professor Forbes remarks, ‘* M. de 
Charpentier has very justly quoted several examples as proving, that if glaciers really slide over 
the soil, as De Saussure supposed, these could not for a moment sustain their position at an angle 
of 30° or more,” (p. 79). M. de Charpentier, I presume, would contend that if gravity were the 
primary cause of glacial motion, such a glacier would descend with the rapidity of an avalanche. 
But it appeared from my experiments, that a mass of ice might be placed on a surface as smooth 
as that of a paving slab at an angle of nearly 20°, without descending with an accelerated motion, 
even when the lower surface of the ice was lubricated by its being in a state of dissolution. Now 
these secondary glaciers are generally at a great elevation, and of no great thickness, so that it 
is highly probable that a considerable portion of their lower surfaces may be frozen to the rocks 
on which they rest. This circumstance, together with the probable inequalities of the surface of 
those rocks, leaves no difficulty in accounting for the want of accelerated and precipitous move- 
ments in such glaciers as those above spoken of, nor even in those of still greater inclination. 
They will descend down their highly-inclined beds with an unaccelerated motion, and will then 
be precipitated, as avalanches, down the precipices which usually form their lower boundaries. 

In another part of his work, Professor Forbes appears to give an opposite phase to the 
objection derived from secondary glaciers, and to make it rest on the assumed fact of these 
secondary glaciers being frozen to the rocks throughout the whole of their lower surfaces. That 
these glaciers are partly frozen to their beds, I have above stated to be probable; that they are 
entirely so, no proof has been or can be offered. We possess no knowledge of them which does 
not justify the application of the sliding theory to them, as well as to other glaciers. 


W. HOPKINS. 
CAMBRIDGE, 
Dec. 11, 1843. 


XIV. On the Fundamental Aatithesis of Philosophy. By W.Wuewe.., D.D., 
Master of Trinity College, and Professor of Moral Philosophy. 


[Read Feb. 5, 1844.] 


I wave upon former occasions laid before the Society dissertations on certain questions which 
may be termed metaphysical :—on the nature of the truth of the laws of motion:—on the ques- 
tion whether all matter is heavy :—and on the question whether cause and effect are successive or 
simultaneous, As these dissertations have not failed to excite some interest, I hope that I shall 
have the indulgence of the Society in making a few remarks on another question of the same 
kind. In doing this, as my object is to throw some light if possible on a matter of consider- 
able obscurity and difficulty, I shall not attempt to avoid the occasional repetition of a sentence or 
two which I may have, in substance, delivered elsewhere, 


1, All persons who have attended in any degree to the views generally current of the nature 
of reasoning are familiar with the distinction of necessary truths and truths of experience ; and few 
such persons, or at least few students of mathematics, require to have this distinction explained 
or enforced. All geometricians are satisfied that the geometrical truths with which they are con- 
versant are necessarily true: they not only are true, but they must be true, The meaning of the 
terms being understood, and the proof being gone through, the truth of the proposition must be 
assented to. That parallelograms upon the same base and between the same parallels are equal ;— 
that angles in the same segment are equal ;—these are propositions which we learn to be true 
by demonstrations deduced from definitions and axioms ; and which, when we have thus learnt them, 
we see could not be otherwise. On the other hand, there are other truths which we learn from 
experience ; as for instance, that the stars revolve round the pole in one day; and that the moon 
goes through her phases from full to full again in thirty days, These truths we see to be true; 
but we know them only by experience. Men never could have discovered them without looking 
at the stars and the moon; and having so learnt them, still no one will pretend to say that they 
are necessarily true, For aught we can see, things might have been otherwise ; and if we had been 
placed in another part of the solar system, then, according to the opinions of astronomers, experience 
would have presented them otherwise. 


2. I take the astronomical truths of experience to contrast with the geometrical necessary truths, 


as being both of a familiar definite sort; we may easily find other examples of both kinds of truth. 
The truths which regard numbers are necessary truths, It is a necessary truth, that 27 and 38 
are equal to 65; that half the sum of two numbers added to half their difference is equal to 
the greater number. On the other hand, that sugar will dissolve in water; that plants cannot live 
without light ; and in short, the whole body of our knowledge in chemistry, physiology, and the other 
inductive sciences, consists of truths of experience. If there be any science which offer to us truths 
of an ambiguous kind, with regard to which we may for a moment doubt whether they are neces- 


sary or experiential, we will defer the consideration of them till we have marked the distinction of 
the two kinds more clearly. 


3. One mode in which we may express the difference of necessary truths and truths of expe- 
rience, is, that necessary truths are those of which we cannot distinctly conceive the contrary. 
We can very readily conceive the contrary of experiential truths. We can conceive the stars moving 
about the pole or across the sky in any kind of curves with any velocities; we can conceive the 
moon always appearing during the whole month as a luminous disk, as she might do if her 
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light were inherent and not borrowed. But we cannot conceive one of the parallelograms on the 
same base and between the same parallels larger than the other; for we find that, if we attempt to 
do this, when we separate the parallelograms into parts, we have to conceive one triangle larger than 
another, both having all their parts equal; which we cannot conceive at all, if we conceive the 
triangles distinctly. We make this impossibility more clear by conceiving the triangles to be placed 
so that two sides of the one coincide with two sides of the other; and it is then seen, that in 
order to conceive the triangles unequal, we must conceive the two bases which have the same 
extremities both ways, to be different lines, though both straight lines. This it is impossible to 
conceive: we assent to the impossibility as an axiom, when it is expressed by saying, that two 
straight lines cannot inclose a space; and thus we cannot distinctly conceive the contrary of the pro- 
position just mentioned respecting parallelograms. 


4. But it is necessary, in applying this distinction, to bear in mind the terms of it;—that we 
cannot distinctly conceive the contrary of a necessary truth. For in a certain loose, indistinct way, 
persons conceive the contrary of necessary geometrical truths, when they erroneously conceive false 
propositions to be true. Thus, Hobbes erroneously held that he had discovered a means of geome- 
trically doubling the cube, as it is called, that is, finding two mean proportionals between two given 
lines; a problem which cannot be solved by plane geometry. Hobbes not only proposed a construction 
for this purpose, but obstinately maintained that it was right, when it had been proved to be 
wrong. But then, the discussion showed how indistinct the geometrical conceptions of Hobbes 
were; for when his critics had proved that one of the lines in his diagram would not meet the other 
in the point which his reasoning supposed, but in another point near to it; he maintained, in reply, 
that one of these points was large enough to include the other, so that they might be considered as 
the same point. Such a mode of conceiving the opposite of a geometrical truth, forms no excep- 
tion to the assertion, that this opposite cannot be distinctly conceived. 


5. In like manner, the indistinct conceptions of children and of rude savages do not invalidate 
the distinction of necessary and experiential truths. Children and savages make mistakes even with 
regard to numbers; and might easily happen to assert that 27 and 38 are equal to 63 or 64. 
But such mistakes cannot make such arithmetical truths cease to be necessary truths. When 
any person conceives these numbers and their addition distinctly, by resolving them into parts, or in 
any other way, he sees that their sum is necessarily 65. If, on the ground of the possibility of 
children and savages conceiving something different, it be held that this is not a necessary truth, it 
must be held on the same ground, that it is not a necessary truth that 7 and 4 are equal to 11; for 
children and savages might be found so unfamiliar with numbers as not to reject the assertion that 
7 and 4 are 10, or even that 4 and 3 are 6, or 8. But I suppose that no persons would on such 
‘grounds hold that these arithmetical truths are truths known only by experience. 


6. Necessary truths are established, as has already been said, by demonstration, proceeding from 
definitions and axioms, according to exact and rigorous inferences of reason. Truths of experience 
are collected from what we see, also according to inferences of reason, but proceeding in a less exact 
and rigorous mode of proof. The former depend upon the relations of the ideas which we have 
in our minds: the latter depend upon the appearances or phenomena, which present themselves to 
our senses. Necessary truths are formed from our thoughts, the elements of the world within us; 
experiential truths are collected from things, the elements of the world without us. The truths of 
experience, as they appear to us in the external world, we call Facts; and when we are able to find 
among our ideas a train which will conform themselves to the apparent facts, we call this a Theory. 


4. This distinction and opposition, thus expressed in various forms; as Necessary and 
Experiential Truth, Ideas and Senses, Thoughts and Things, Theory and Fact, may be termed 
the Fundamental Antithesis of Philosophy; for almost all the discussions of philosophers have 
been employed in asserting or denying, explaining or obscuring this antithesis. It may be ex- 
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pressed in many other ways; but is not difficult, under all these different forms, to recognize the 
same opposition: and the same remarks apply to it under its various forms, with corresponding 
modifications. Thus, as we have already seen, the antithesis agrees with that of Reasoning and 
Observation: again, it is identical with the opposition of Reflection and Sensation: again, sensation 
deals with Objects; facts involve Objects, and generally all things without us are Objects :— 
Objects of sensation, of observation. On the other hand, we ourselves who thus observe objects, 
and in whom sensation is, may be called the Subjects of sensation and observation. And this 
distinction of Subject and Object is one of the most general ways of expressing the fundamental 
antithesis, although not yet perhaps quite familiar in English. I shall not seruple however to 
speak of the Subjective and Objective element of this antithesis, where the expressions are con- 
venient. 


8. All these forms of antithesis, and the familiar references to them which men make in all 
discussions, shew the fundamental and necessary character of the antithesis. We can have no 
knowledge without the union, no philosophy without the separation, of the two elements. We can 
have no knowledge, except we have both impressions on our senses from the world without, and 
thoughts from our minds within:—except we attend to things, and to our ideas;—except we 
are passive to receive impressions, and active to compare, combine, and mould them. But on the 
other hand, philosophy seeks to distinguish the impressions of our senses from the thoughts of 
our minds ;—to point out the difference of ideas and things ;—to separate the active from the 
passive faculties of our being. The two elements, sensations and ideas, are both requisite to the 
existence of our knowledge, as both matter and form are requisite to the existence of a body. 
But philosophy considers the matter and the form separately. The properties of the form are the 
subject of geometry, the properties of the matter are the subject of chemistry or mechanics. 


9. But though philosophy considers these elements of knowledge separately, they cannot really 
be separated, any more than can matter and form. We cannot exhibit matter without form, or 
form without matter; and just as little can we exhibit sensations without ideas, or ideas without 
sensations ;—the passive or the active faculties of the mind detached from each other. 

In every act of my knowledge, there must be concerned the things whereof I know, and thoughts 
of me who know: I must both passively receive or have received impressions, and I must actively 
combine them and reason on them. No apprehension of things is purely ideal: no experience of 
external things is purely sensational. If they be conceived as things, the mind must have been 
awoke to the conviction of things by sensation: if they be conceived as things, the expressions of 
the senses must have been bound together by conceptions. If we think of any thing, we must 
recognize the existence both of thoughts and of things. The fundamental antithesis of philo- 
sophy is an antithesis of inseparable elements. 


10. Not only cannot these elements be separately exhibited, but they cannot be separately con- 
ceived and described. The description of them must always imply their relation; and the names 
by which they are denoted will consequently always bear a relative significance. And thus the 
terms which denote the fundamental antithesis of philosophy cannot be applied absolutely and 
exclusively in any case. We may illustrate this by a consideration of some of the common modes 
of expressing the antithesis of which we speak. ‘The terms Theory and Fact are often emphatically 
used as opposed to each other: and they are rightly so used. But yet it is impossible to say 
absolutely in any case, This is a Fact and not a Theory; this is a Theory and not a Fact, 
meaning by Theory, true Theory. Is it a fact or a theory that the stars appear to revolve round 
the pole? Is it a fact or a theory that the earth is a globe revolving round its axis? Is it a 
fact or a theory that the earth revolves round the sun? Is it a fact or a theory that the sun 
attracts the earth? Is it a fact or a theory that a loadstone attracts a needle? In all these 
cases, some persons would answer one way and some persons another. A person who has never 
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watched the stars, and has only seen them from time to time, considers their circular motion round 
the pole as a theory, just as he considers the motion of the sun in the ecliptic as a theory, or 
the apparent motion of the inferior planets round the sun in the zodiac. A person who has 
compared the measures of different parts of the earth, and who knows that these measures cannot 
be conceived distinctly without supposing the earth a globe, considers its globular form a fact, 
just as much as the square form of his chamber. A person to whom the grounds of believing 
the earth to revolve round its axis and round the sun, are as familiar as the grounds for believing 
the movements of the mail-coaches in this country, conceives the former events to be facts, just 
as steadily as the latter. And a person who, believing the fact of the earth’s annual motion, 
refers it distinctly to its mechanical course, conceives the sun’s attraction as a fact, just as he 
conceives as a fact the action of the wind which turns the sails of a mill. We see then, that 
in these cases we cannot apply absolutely and exclusively either of the terms, Fact or Theory. 
Theory and Fact are the elements which correspond to our Ideas and our Senses. The Facts are 
Facts so far as the Ideas have been combined with the sensations and absorbed in them: the Theories 
are Theories so far as the Ideas are kept distinct from the sensations, and so far as it is considered 
as still a question whether they can be made to agree with them. A true Theory is a fact, 
a Fact is a familiar theory. 

In like manner, if we take the terms Reasoning and Observation ; at first sight they appear to 
be very distinct. Our observation of the world without us, our reasonings in our own minds, appear 
to be clearly separated and opposed. But yet we shall find that we cannot apply these terms abso- 
lutely and exclusively. I see a book lying a few feet from me: is this a matter of observation ? 
At first, perhaps, we might be inclined to say that it clearly is so. But yet, all of us, who have 
paid any attention to the process of vision, and to the mode in which we are enabled to judge 
of the distance of objects, and to judge them to be distant objects at all, know that this judg- 
ment involves inferences drawn from various sensations ;—from the impressions on our two eyes ;— 
from our muscular sensations; and the like. These inferences are of the nature of reasoning, as much 
as when we judge of the distance of an object on the other side of a river by looking at it from 
different points, and stepping the distance between them. Or again: we observe the setting sun 
illuminate a gilded weathercock ; but this is as much a matter of reasoning as when we observe the 
phases of the moon, and infer that she is illuminated by the sun. All observation involves inferences, 
and inference is reasoning. 

11. Even the simplest terms by which the antithesis is expressed cannot be applied: ideas 
and sensations, thoughts and things, subject and object, cannot in any case be applied absolutely and 
exclusively. Our sensations require ideas to bind them together, namely, ideas of space, time, num- 
ber, and the like. If not so bound together, sensations do not give us any apprehension of things 
or objects. All things, all objects, must exist in space and in time—must be one or many. Now 
space, time, number, are not sensations or things. They are something different from, and opposed 
to sensations and things. We have termed them ideas. It may be said they are relations of 
things, or of sensations. But granting this form of expression, still a relation is not a thing or a 
sensation ; and therefore we must still have another and opposite element, along with our sensations. 
And yet, though we have thus these two elements in every act of perception, we cannot designate 
any portion of the act as absolutely and exclusively belonging to one of the elements. Perception 
involves sensation, along with ideas of time, space, and the like; or, if any one prefers the expression, 
involves sensations along with the apprehension of relations. Perception is sensation, along with 
such ideas as make sensation into an apprehension of things or objects. 


12. And as perception of objects implies ideas, as observation implies reasoning; so, on the 
other hand, ideas cannot exist where sensation has not been: reasoning cannot go on when there 
has not been previous observation. This is evident from the necessary order of development of 
the human faculties. Sensation necessarily exists from the first moments of our existence, and is 
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constantly at work, Observation begins before we can suppose the existence of any reasoning which 
is not involved in observation, Hence, at whatever period we consider our ideas, we must consider 
them as having been already engaged in connecting our sensations, and as modified by this employ- 
ment. By being so employed, our ideas are unfolded and defined, and such development and 
definition cannot be separated from the ideas themselves. We cannot conceive space without bound- 
aries or forms; now forms involve sensations. We cannot conceive time without events which mark 
the course of time; but events involve sensations. We cannot conceive number without conceiving 
things which are numbered; and things imply sensations. And the forms, things, events, which are 
thus implied in our ideas, having been the objects of sensation constantly in every part of our life, 
have modified, unfolded and fixed our ideas, to an extent which we cannot estimate, but which we 
must suppose to be essential to the processes which at present go on in our minds, We cannot say 
that objects create ideas; for to perceive objects we must already have ideas. But we may say, 
that objects and the constant perception of objects have so far modified our ideas, that we cannot, 
even in thought, separate our ideas from the perception of objects. 

We cannot say of any ideas, as of the idea of space, or time, or number, that they are absolutely 
and exclusively ideas. We cannot conceive what space, or time, or number would be in our minds, 
if we had never perceived any thing or things in space or time. We cannot conceive ourselves 
in such a condition as never to have perceived any thing or things in space or time. But, on the other 
hand, just as little can we conceive ourselves becoming acquainted with space and time or numbers 
as objects of sensation. We cannot reason without having the operations of our minds affected by 
previous sensations ; but we cannot conceive reasoning to be merely a series of sensations. In order 
to be used in reasoning, sensation must become observation; and, as we have seen, observation 
already involves reasoning. In order to be connected by our ideas, sensations must be things or 
objects, and things or objects already include ideas. And thus, as we have said, none of the terms 
by which the fundamental antithesis is expressed can be absolutely and exclusively applied. 


13. I now proceed to make one or two remarks suggested by the views which have thus 
been presented. And first I remark, that since, as we have just seen, none of the terms which 
express the fundamental antithesis can be applied absolutely and exclusively, the absolute application 
of the antithesis in any particular case can never be a conclusive or immoveable principle. This 
remark is the more necessary to be borne in mind, as the terms of this antithesis are often used in a 
vehement and peremptory manner. Thus we are often told that such a thing is a Fact and not a 
Theory, with all the emphasis which, in speaking or writing, tone or italics or capitals can give. 
We see from what has been said, that when this is urged, before we can estimate the truth, or the 
value of the assertion, we must ask to whom is it a fact? what habits of thought, what previous 
information, what ideas does it imply, to conceive the fact as a fact? Does not the apprehension of 
the fact imply assumptions which may with equal justice be called theory, and which are perhaps false 
theory ? in which case, the fact is no fact. Did not the ancients assert it as a fact, that the earth 
stood still, and the stars moved? and can any fact have stronger apparent evidence to justify per- 
sons in asserting it emphatically than this had? These remarks are by no means urged in order to 
shew that no fact can be certainly known to be true; but only to shew that no fact can be certainly 
shown to be a fact merely by calling it a fact, however emphatically. There is by no means any 
ground of general skepticism with regard to truth involved in the doctrine of the necessary com- 
bination of two elements in all our knowledge. On the contrary, ideas are requisite to the essence, 
and things to the reality of our knowledge in every case. The proportions of geometry and arith- 
metic are examples of knowledge respecting our ideas of space and number, with regard to which 
there is no room for doubt. The doctrines of astronomy are examples of truths not less certain 
respecting the external world. 


14. I remark further, that since in every act of knowledge, observation or perception, both the 
elements of the fundamental antithesis are involved, and involved in a manner inseparable even 
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in our conceptions, it must always be possible to derive one of these elements from the other, if we 
are satisfied to accept, as proof of such derivation, that one always co-exists with and implies the 
other. Thus an opponent may say, that our ideas of space, time, and number, are derived from 
our sensations or perceptions, because we never were in a condition in which we had the ideas of 
space and time, and had not sensations or perceptions. But then, we may reply to this, that we no 
sooner perceive objects than we perceive them as existing in space and time, and therefore the ideas 
of space and time are not derived from the perceptions. In the same manner, an opponent may say, 
that all knowledge which is involved in our reasonings is the result of experience ; for instance, our 
knowledge of geometry. For every geometrical principle is presented to us by experience as true ; 
beginning with the simplest, from which all others are derived by processes of exact reasoning. 
But to this we reply, that experience cannot be the origin of such knowledge; for though experience 
shows that such principles are true, it cannot show that they mwst be true, which we also know. We 
never have seen, as a matter of observation, two straight lines inclosing a space; but we venture 
to say further, without the smallest hesitation, that we never shall see it; and if any one were to 
tell us that, according to his experience, such a form was often seen, we should only suppose that he 
did not know what he was talking of. No number of acts of experience can add to the certainty of 
our knowledge in this respect; which shows that our knowledge is not made up of acts of experience. 
We cannot test such knowledge by experience; for if we were to try to do so, we must first know 
that the lines with which we make the trial are straight; and we have no test of straightness 
better than this, that two such lines cannot inclose a space. Since then, experience can neither 
destroy, add to, nor test our axiomatic knowledge, such knowledge cannot be derived from expe- 
rience. Since no one act of experience can affect our knowledge, no numbers of acts of experience 
can make it. 


15. To this a reply has been offered, that it is a characteristic property of geometric forms that 
the ideas of them exactly resemble the sensations ; so that these ideas are as fit subjects of experi- 
mentation as the realities themselves; and that by such experimentation we learn the truth of the 
axioms of geometry. I might very reasonably ask those who use this language to explain how a 
particular class of ideas can be said to resemble sensations; how, if they do, we can know it to be 
so; how we can prove this resemblance to belong to geometrical ideas and sensations; and how 
it comes to be an especial characteristic of those. But I will put the argument in another way. 
Experiment can only show what is, not what must be. If experimentation on ideas shows what 
must be, it is different from what is commonly called experience. 

I may add, that not only the mere use of our senses cannot show that the axioms of geometry 
must be true, but that, without the light of our ideas, it cannot even show that they are true. If we 
‘had a segment of a circle a mile long and an inch wide, we should have two lines inclosing a space; 
but we could not, by seeing or touching any part of either of them, discover that it was a bent line. 


16. That mathematical truths are not derived from experience is perhaps still more evident, 
if greater evidence be possible, in the case of numbers. We assert that 7 and 8 are 15. We find it 
so, if we try with counters, or in any other way. But we do not, on that account, say that the 
knowledge is derived from experience. We refer to our conceptions of seven, of eight, and of addi- 
tion, and as soon as we possess these conceptions distinctly, we see that the sum must be fifteen. 
We cannot be said to make a trial, for we should not believe the apparent result of the trial if it 
were different. If any one were to say that the multiplication table is a table of the results of experi- 
ence, we should know that he could not be able to go along with us in our researches into the founda- 
tions of human knowledge ; nor, indeed, to pursue with success any speculations on the subject. 


17. Attempts have also been made to explain the origin of axiomatic truths by referring 
them to the association of ideas. But this is one of the cases in which the word association has 
been applied so widely and loosely, that no sense can be attached to it. Those who have written 
with any degree of distinctness on the subject, have truly taught, that the habitual association of the 
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ideas leads us to believe a connexion of the things : but they have never told us that this association 
gave us the power of forming the ideas. Association may determine belief, but it cannot determine the 
possibility of our conceptions. The African king did not believe that water could become solid, because 
he had never seen it in that state. But that accident did not make it impossible to conceive it so, 
any more than it is impossible for us to conceive frozen quicksilver, or melted diamond, or liquefied 
air; which we may never have seen, but have no difficulty in conceiving. If there were a tropical 
philosopher really incapable of conceiving water solidified, he must have been brought into that 
mental condition by abstruse speculations on the necessary relations of solidity and fluidity, not by 
the association of ideas. 


18. To return to the results of the nature of the Fundamental Antithesis. As by assuming 
universal and indissoluble connexion of ideas with perceptions, of knowledge with experience, as an 
evidence of derivation, we may assert the former to be derived from the latter, so might we, on the 
same ground, assert the latter to be derived from the former. We see all forms in space; and we 
might hence assert all forms to be mere modifications of our idea of space. We see all events 
happen in time; and we might hence assert all events to be merely limitations and boundary-marks 
of our idea of time. We conceive all collections of things as two or three, or some other number : 
it might hence be asserted that we have an original idea of number, which is reflected in external 
things. In this case, as in the other, we are met at once by the impossibility of this being a complete 
account of our knowledge. Our ideas of space, of time, of number, however distinctly reflected to 
us with limitations and modifications, must be reflected, limited and modified by something different 
from themselves. We must have visible or tangible forms to limit space, perceived events to mark 
time, distinguishable objects to exemplify number. But still, in forms, and events, and objects, we 
have a knowledge which they themselves cannot give us. For we know, without attending to them, 
that whatever they are, they will conform and must conform to the truths of geometry and arith- 
metic. There is an ideal portion in all our knowledge of the external world; and if we were 
resolved to reduce all our knowledge to one of its two antithetical elements, we might say that all 
our knowledge consists in the relation of our ideas. Wherever there is necessary truth, there must 
be something more than sensation can supply: and the necessary truths of geometry and arithmetic 
show us that our knowledge of objects in space and time depends upon necessary relations of ideas, 
whatever other element it may involve. 


19. This remark may be carried much further than the domain of geometry and arithmetic. 
Our knowledge of matter may at first sight appear to be altogether derived from the senses. Yet 
we cannot derive from the senses our knowledge of a truth which we accept as universally certain ;— 
namely, that we cannot by any process add to or diminish the quantity of matter in the world. 
This truth neither is nor can be derived from experience; for the experiments which we make to 
verify it pre-suppose its truth. When the philosopher was asked what was the weight of smoke, 
he bade the inquirer subtract the weight of the ashes from the weight of the fuel. Every one who 
thinks clearly of the changes which take place in matter, assents to the justice of this reply: and 
this, not because any one had found by trial that such was the weight of the smoke produced in 
combustion, but because the weight lost was assumed to have gone into some other form of matter, 
not to have been destroyed. When men began to use the balance in chemical analysis, they did not 
prove by trial, but took for granted, as self-evident, that the weight of the whole must be found in 
the aggregate weight of the elements. Thus it is involved in the idea of matter that its amount 
continues unchanged in all changes which takes place in its consistence. This is a necessary truth: and 
thus our knowledge of matter, as collected from chemical experiments, is also a modification of our 
idea of matter as the material of the world incapable of addition or diminution. 


20. <A similar remark may be made with regard to the mechanical properties of matter. Our 
knowledge of these is reduced, in our reasonings, to principles which we call the laws of motion. 
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These laws of motion, as I have endeavoured to shew in a paper already printed by the Society, 
depend upon the idea of Cause, and involve necessary truths, which are necessarily implied in the 
idea of cause ;—namely, that every change of motion must have a cause—that the effect is measured 
by the cause ;—that re-action is equal and opposite to action. These principles are not derived from 
experience. No one, I suppose, would derive from experience the principle, that every event must 
have a cause. Every attempt to see the traces of cause in the world assumes this principle. I do 
not say that these principles are anterior to experience; for I have already, I hope, shewn, that 
neither of the two elements of our knowledge is, or can be, anterior to the other. But the two ele- 
ments are co-ordinate in the development of the human mind ; and the ideal element may be said to 
be the origin of our knowledge with the more propriety of the two, inasmuch as our knowledge is 
the relation of ideas. The other element of knowledge, in which sensation is concerned, and which 
embodies, limits, and defines the necessary truths which express the relations of our ideas, may be 
properly termed experience ; and I have, in the Memoir just quoted, endeavoured to shew how the 
principles concerning mechanical causation, which I have just stated, are, by observation and experi- 
ment, limited and defined, so that they become the laws of motion. And thus we see that such 
knowledge is derived from ideas, in a sense quite as general and rigorous, to say the least, as that in 
which it is derived from experience. 


21. I will take another example of this; although it is one less familiar, and the consideration 
of it perhaps a little more difficult and obscure. The objects which we find in the world, for 
instance, minerals and plants, are of different kinds; and according to their kinds, they are called by 
various names, by means of which we know what we mean when we speak of them. The discrimi- 
nation of these kind of objects, according to their different forms and other properties, is the business 
of chemistry and botany. And this business of discrimination, and of: consequent classification, 
has been carried on from the first periods of the development of the human mind, by an industrious 
and comprehensive series of observations and experiments; the only way in which any portion of 
the task could have been effected. But as the foundation of all this labour, and as a necessary 
assumption during every part of its progress, there has been in men’s minds the principle, that 
objects are so distinguishable by resemblances and differences, that they may be named, and known 
by their names. This principle is involved in the idea of a Name; and without it no progress could 
have been made. The principle may be briefly stated thus:—Intelligible Names of kinds are 
possible. If we suppose this not to be so, language can no longer exist, nor could the business of 
human life go on. If instead of having certain definite kinds of minerals, gold, iron, copper and 
the like, of which the external forms and characters are constantly connected with the same properties 
and qualities, there were no connexion between the appearance and the properties of the object ;— 
if what seemed externally iron might turn out to resemble lead in its hardness; and what seemed to 
be gold during many trials, might at the next trial be found to be like copper; not only all the 
uses of these minerals would fail, but they would not be distinguishable kinds of things, and the 
names would be unmeaning. And if this entire uncertainty as to kind and properties prevailed 
for all objects, the world would no longer be a world to which language was applicable. To man, 
thus unable to distinguish objects into kinds, and call them by names, all knowledge would be impos- 
sible, and all definite apprehension of external objects would fade away into an inconceivable 
confusion. In the very apprehension of objects as intelligibly sorted, there is involved a principle 
which springs within us, contemporaneous, in its efficacy, with our first intelligent perception of the 
kinds of things of which the world consists. We assume, as a necessary basis of our knowledge, 
that things are of definite kinds; and the aim of chemistry, botany, and other sciences is, to find 
marks of these kinds; and along with these, to learn their definitely-distinguished properties. Even 
here, therefore, where so large a portion of our knowledge comes from experience and observation, we 
cannot proceed without a necessary truth derived from our ideas, as our fundamental principle 
of knowledge. 
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22. What the marks are, which distinguish the constant differences of kinds of things (definite 
marks, selected from among many unessential appearances), and what their definite properties are, 
when they are so distinguished, are parts of our knowledge to be learnt from observation, by 
various processes; for instance, among others, by chemical analysis. We find the differences of 
bodies, as shown by such analysis, to be of this nature:—that there are various elementary 
bodies, which, combining in different definite proportions, form kinds of bodies definitely different. 
But, in arriving at this conclusion, we introduce a new idea, that of Elementary Composition, 
which is not extracted from the phenomena, but supplied by the mind, and introduced in order 
to make the phenomena intelligible. That this notion of elementary composition is not supplied 
by the chemical phenomena of cumbustion, mixture, &c. as merely an observed fact, we see from 
this; that men had in ancient times performed many experiments in which elementary composition 
was concerned, and had not seen the fact. It never was truly seen till modern times; and when 
seen, it gave a new aspect to the whole body of known facts. This idea of elementary composition, 
then, is supplied by the mind, in order to make the facts of chemical analysis and synthesis 
intelligible as analysis and synthesis. And this idea being so supplied, there enters into our 
knowledge along with it a corresponding necessary principle ;——That the elementary composition of 
a body determines its kind and proportions. This is, I say, a principle assumed, as a con- 
sequence of the idea of composition, not a result of experience; for when bodies have been divided 
into their kinds, we take for granted that the analysis of a single specimen may serve to determine 
the analysis of all bodies of the same kind: and without this assumption, chemical knowledge 
with regard to the kinds of bodies would not be possible. It has been said that we take only 
one experiment to determine the composition of any particular kind of body, because we have 
a thousand experiments to determine that bodies of the same kind have the same composition. 
But this is not so. Our. belief in the principle that bodies of the same kind have the same com- 
position is not established by experiments, but is assumed as a necessary consequence of the ideas of 
Kind and of Composition. If, in our experiments, we found that bodies supposed to be of the same 
kind had not the same composition, we should not at all doubt of the principle just stated, but 
conclude at once that the bodies were not of the same kind ;—that the marks by which the kinds 
are distinguished had been wrongly stated. This is what has very frequently happened in the 
course of the investigations of chemists and mineralogists. And thus we have it, not as an 
experiential fact, but as a necessary principle of chemical philosophy, that the Elementary Com- 
position of a body determines its Kind and Properties. 


23. How bodies differ in their elementary composition, experiment must teach us, as we have 
already said that experiment has taught us. But as we have also said, whatever be the nature 
of this difference, kinds must be definite, in order that language may be possible: and hence, 
whatever be the terms in which we are taught by experiment to express the elementary com- 
position of bodies, the result must be conformable to this principle, That the differences of elementary 
composition are definite. The law to which we are led by experiment is, that the elements of 
bodies continue in definite proportions according to weight. Experiments add other laws; as for 
instance, that of multiple proportions in different kinds of bodies composed of the same elements ; 
but of these we do not here speak. 


24. We are thus led to see that in our knowledge of mechanics, chemistry, and the like, 
there are involved certain necessary principles, derived from our ideas, and not from experience. 
But to this it may be objected, that the parts of our knowledge in which these principles are in- 
volved has, in historical fact, all been acquired by experience. The laws of motion, the doctrine 
of definite proportions, and the like, have all become known by experiment and observation; and 
so far from being seen as necessary truths, have been discovered by long-continued labours and 
trials, and through innumerable vicissitudes of confusion, error, and imperfect truth. This is 
perfectly true: but does not at all disprove what has been said. Perception of external objects 
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and experience, experiment and observation are needed, not only, as we have said, to supply the 
objective element of all knowledge—to embody, limit, define, and modify our ideas; but this 
intercourse with objects is also requisite to unfold and fix our ideas themselves. As we have already 
said, ideas and facts can never be separated. Our ideas cannot be exercised and developed in any 
other form than in their combination with facts, and therefore the trials, corrections, controversies, 
by which the matter of our knowledge is collected, is also the only way in which the form of 
it can be rightly fashioned. Experience is requisite to the clearness and distinctness of our ideas, 
not because they are derived from experience, but because they can only be exercised upon ex- 
perience. And this consideration sufficiently explains how it is that experiment and observation 
have been the means, and the only means, by which men have been led to a knowledge of the 
laws of nature. In reality, however, the necessary principles which flow from our ideas, and 
which are the basis of such knowledge, have not only been inevitably assumed in the course of such 
investigations, but have been often expressly promulgated in words by clear-minded philosophers, 
long before their true interpretation was assigned by experiment. This has happened with regard 
to such principles as those above mentioned ; That every event must have a cause; That reaction 
is equal and opposite to action; That the quantity of matter in the world cannot be increased or 
diminished: and there would be no difficulty in finding similar enunciations of the other principles 
above mentioned ;—That the kinds of things have definite differences, and that these differences 
depend upon their elementary composition. In general, however, it may be allowed, that the 
necessary principles which are involved in those laws of nature of which we have a knowledge 
become then only clearly known, when the laws of nature are discovered which thus involve the 
necessary ideal element. 


25. But since this is allowed, it may be further asked, how we are to distinguish between the 
necessary principle which is derived from our ideas, and the law of nature which is learnt by expe- 
rience. And to this we reply, that the necessary principle may be known by the condition which we 
have already mentioned as belonging to such principles :—that it is impossible distinctly to conceive 
the contrary. We cannot conceive an event without a cause, except we abandon all distinct idea of 
cause; we cannot distinctly conceive two straight lines inclosing space; and if we seem to con- 
ceive this, it is only because we conceive indistinctly. We cannot conceive 5 and 3 making 7 or 9; 
if a person were to say that he could conceive this, we should know that he was a person of imma- 
ture or rude or bewildered ideas, whose conceptions had no distinctness. And thus we may take it 
as the mark of a necessary truth, that we cannot conceive the contrary distinctly. 


26. If it be asked what is the test of distinct conception (since it is upon the distinctness 
.of conception that the matter depends), we may consider what answer we should give to this question 
if it were asked with regard to the truths of geometry. If we doubted whether any one had 
these distinct conceptions which enable him to see the necessary nature of geometrical truth, 
we should inquire if he could understand the axioms as axioms, and could follow, as demon- 
strative, the reasonings which are founded upon them. If this were so, we should be ready to 
pronounce that he had distinct ideas of space, in the sense now supposed. And the same answer 
may be given in any other case. That reasoner has distinct conceptions of mechanical causes who 
can see the axioms of mechanics as axioms, and can follow the demonstrations derived from them as 
demonstrations. If it be said that the science, as presented to him, may be erroneously constructed ; 
that the axioms may not be axioms, and therefore the demonstrations may be futile, we still reply, 
that the same might be said with regard to geometry: and yet that the possibility of this does 
not lead us to doubt either of the truth or of the necessary nature of the propositions contained in 
Euclid’s Elements. We may add further, that although, no doubt, the authors of elementary 
books may be persons of confused minds, who present as axioms what are not axiomatic truths ; 
yet that in general, what is presented as an axiom by a thoughtful man, though it may include 
some false interpretation or application of our ideas, will also generally include some principle 
which really is necessarily true, and which would still be involved in the axiom, if it were cor- 
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rected so as to be true instead of false. And thus we still say, that if in any department of 
science a man can conceive distinctly at all, there are principles the contrary of which he cannot 
distinctly conceive, and which are therefore necessary truths. 


27. But on this it may be asked, whether truth can thus depend upon the particular state of 
mind of the person who contemplates it; and whether that can be a necessary truth which is not 
so to all men. And to this we again reply, by referring to geometry and arithmetic. It is plain 
that truths may be necessary truths which are not so to all men, when we include men of confused 
and perplexed intellects ; for to such men it is not a necessary truth that two straight lines cannot 
inclose a space, or that 14 and 17 are 31. It need not be wondered at, therefore, if to such 
men it does not appear a necessary truth that reaction is equal and opposite to action, or that the 
quantity of matter in the world cannot be increased or diminished. And this view of knowledge and 
truth does not make it depend upon the state of mind of the student, any more than geometrical 
knowledge and geometrical truth, by the confession of all, depend upon that state. We know that 
a man cannot have any knowledge of geometry without so much of attention to the matter of 
the science, and so much of care in the management of his own thoughts, as is requisite to keep his 
ideas distinct and clear. But we do not, on that account, think of maintaining that geometrical 
truth depends merely upon the state of the student’s mind. We conceive that he knows it because 
it is true, not that it is true because he knows it. We are not surprized that attention and care and 
repeated thought should be requisite to the clear apprehension of truth. For such care and such 
repetition are requisite to the distinctness and clearness of our ideas: and yet the relations of these 
ideas, and their consequences, are not produced by the efforts of attention or repetition which we 
exert. They are in themselves something which we may discover, but cannot make or change. The 
idea of space, for instance, which is the basis of geometry, cannot give rise to any doubtful proposi- 
tions. What is inconsistent with the idea of space cannot be truly obtained from our ideas by any 
efforts of thought or curiosity ; if we blunder into any conclusion inconsistent with the idea of space, 
our knowledge, so far as this goes, is no knowledge: any more than our observation of the external 
world would be knowledge, if, from haste or inattention, or imperfection of sense, we were to 
inistake the object which we see before us. 


28. But further: not only has truth this reality, which makes it independent of our mistakes, 
that it must be what is really consistent with our ideas; but also, a further reality, to which the 
term is more obviously applicable, arising from the principle already explained, that ideas and 
perceptions are inseparable. For since, when we contemplate our ideas, they have been frequently 
embodied and exemplified in objects, and thus have been fixed and modified; and since this compound 
aspect is that under which we constantly have them before us, and free from which they cannot be 
exhibited; our attempts to make our ideas clear and distinct will constantly lead us to contem- 
plate them as they are manifested in those external forms in which they are involved. Thus in 
studying geometrical truth, we shall be led to contemplate it as exhibited in visible and tangible 
figures ;—not as if these could be sources of truth, but as enabling us more readily to compare the 
aspects which our ideas, applied to the world of objects, may assume. And thus we have an addi- 
tional indication of the reality of geometrical truth, in the necessary possibility of its being capable 
of being exhibited in a visible or tangible form. And yet even this test by no means supersedes 
the necessity of distinct ideas, in order to a knowledge of geometrical truth. For in the case of 
the duplication of the cube by Hobbes, mentioned above, the diagram which he drew made two 
points appear to coincide, which did not really, and by the nature of our idea of space, coincide ; 
and thus confirmed him in his error. 

Thus the inseparable nature of the Fundamental Antithesis of Ideas and Things gives 
reality to our knowledge, and makes objective reality a corrective of owr subjective imperfec- 
tions in the pursuit of knowledge. But this objective exhibition of knowledge can by no means 
supersede a complete development of the subjective condition, namely, distinctness of ideas. 
And that there is a subjective condition, by no means makes knowledge altogether subjective, 
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and thus deprives it of reality; because, as we have said, the subjective and the objective 
elements are inseparably bound together in the fundamental antithesis. 


29. It would be easy to apply these remarks to other cases, for instance, to the case of the 
principle we have just mentioned, that the differences of elementary composition of different kinds of 
bodies must be definite. We have stated that this principle is necessarily true ;—that the contrary 
proposition cannot be distinctly conceived. But by whom? Evidently, according to the preceding 
reasoning, by a person who distinctly conceives Kinds, as marked by intelligible names, and Composi- 
tion, as determining the kinds of bodies. Persons new to chemical and classificatory science may not 
possess these ideas distinctly ; or rather, cannot possess them distinctly ; and therefore cannot appre- 
hend the impossibility of conceiving the opposite of the above principle ; just as the schoolboy cannot 
apprehend the impossibility of the numbers in his multiplication table being other than they are. 
But this inaptitude to conceive, in either case, does not alter the necessary character of the truth: 
although, in one case, the truth is obvious to all except schoolboys and the like, and the other is pro- 
bably not clear to any except those who have attentively studied the philosophy of elementary com- 
positions. At the same time, this difference of apprehension of the truth in different persons does 
not make the truth doubtful or dependent upon personal qualifications ; for in proportion as persons 
attain to distinct ideas, they will see the truth; and cannot, with such ideas, see anything as truth 
which is not truth. When the relations of elements in a compound become as familiar to a person 
as the relations of factors in a multiplication table, he will then see what are the necessary axioms 
of chemistry, as he now sees the necessary axioms of arithmetic. 


30. There is also one other remark which I will here make. In the progress of science, both 
the elements of our knowledge are constantly expanded and augmented. By the exercise of observa- 
tion and experiment, we have a perpetual accumulation of facts, the materials of knowledge, the 
objective element. By thought and discussion, we have a perpetual development of man’s ideas 
going on: theories are framed, the materials of knowledge are shaped into form; the subjective 
element is evolved; and by the necessary coincidence of the objective and subjective elements, the 
matter and the form, the theory and the facts, each of these processes furthers and corrects the 
other: each element moulds and unfolds the other. Now it follows, from this constant develop- 
ment of the ideal portion of our knowledge, that we shall constantly be brought in view of new 
Necessary Principles, the expression of the conditions belonging to the Ideas which enter into our 
expanding knowledge. These principles, at fitst dimly seen and hesitatingly asserted, at last be- 
come clearly and plainly self-evident. Such is the case with the principles which are the basis of the 
laws of motion. Such may soon be the case with the principles which are the basis of the philosophy 
of chemistry. Such may hereafter be the case with the principles which are to be the basis of the 

‘ philosophy of the connected and related polarities of chemistry, electricity, galvanism, magnetism. 
That knowledge is possible in these cases, we know ; that our knowledge may be reduced to prin- 
ciples gradually more simple, we also know; that we have reached the last stage of simplicity of our 
principles, few cultivators of the subject will be disposed to maintain ; and that the additional steps 
which lead toward very simple and general principles will also lead to principles which recommend 
themselves by a kind of axiomatic character, those who judge from the analogy of the past history 
of science will hardly doubt. That the principles thus axiomatic in their form, do also express 
some relation of our ideas, of which experiment and observation have given the true and real interpre- 
tation, is the doctrine which I have here attempted to establish and illustrate in the most clear and 
undoubted of the existing sciences; and the evidence of this doctrine in those cases seems to be 
unexceptionable, and to leave no room to doubt that such is the universal type of the progress of 
science. Such a doctrine, as we have now seen, is closely connected with the views here presented of 
the nature of the Fundamental Antithesis of Philosophy, which I have endeavoured to illustrate. 
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_ XV. On Divergent Series, and various Points of Analysis connected with them. By 
Aucustus De Morean, V-P.R.A.S., F.C.P.S., of Trinity College; Professor 
of Mathematics in University College, London. 


[Read, March 4, 1844.] 


I sevteveit will be generally admitted that the heading of this paper describes the only subject 
yet remaining, of an elementary character, on which a serious schism exists among mathematicians 
as to absolute correctness or incorrectness of results. When such a question arises upon a method 
of pure mathematics, there can be little doubt that it must be one which is likely to lead to error 
if not cautiously used; and it is probable that the contending parties have not made any close 
agreement upon the use of terms. A review of the leading points of the controversy may be useful, 
accompanied by an examination of the maxims which have been adopted, but I think not very 
plainly stated, in the rejection of the series called divergent. The manner in which the rejection 
just alluded to has been made will require that, instead of dividing series into convergent and 
divergent, we should make a more general division, say into convergent and non-convergent. 
Non-convergent series may be divided into those of infinite and finite divergence: the former of 
which, as in the cases of a+a+a+... and 1—-2+3-—4+... can be made, by summation of 
terms, to differ from a given quantity to any extent; the latter, as in the cases 1-1+1-... 
and cos @ + cos2@+... cannot be made to differ from a finite quantity by more than an amount 
which can be ascertained. It is obvious that only the converging series can, properly speaking, be 
the objects of arithmetical calculation, in which they occur early, of which $= * 33333... 18 a 
sufficient instance. All others, whether of finite or infinite divergence, are equally out of the pale 
of arithmetic to those who do not acknowledge different degrees of impossibility. I do not here 
argue with those who reject everything which is not within the province of arithmetic, but only 
with those others who abandon the use of infinitely diverging series, and yet appear to employ 
finitely diverging series with confidence. Such appears to be the practice of those analysts 
who object to diverging series, both at home and abroad. They seem perfectly reconciled to 
1-1+1-1+...=4, but cannot admit 1+2+4+8+...=—-1. 

Many of an earlier school took an opposite position; they freely used infinitely diverging 
series, but, with Euler, considered finitely diverging forms as indeterminate. To use a common 
phrase, they spoke as they found: they could actually obtain by rules of algebra, finite expres- 
sions from which they could evolve infinitely diverging series: but they were not able to find, or 
to satisfy themselves they had found, similar equivalents for most cases, particularly the trigono- 
metrical ones, of the remaining species. ‘They made an unguarded use of the word ‘ indeterminate :” 


, ; 3 0 : 
sometimes it meant wndeterminable, in the same manner as 7 when looked at as the solution of an 


identical equation ; sometimes only undetermined, either with reference to the state of science at 
the time the word was used, or to the state of a particular question at some one particular stage of 
the solution (as in the method called that of indeterminate coefficients). 'The moderns seem to me 
to have made a similar confusion in regard to their rejection of divergent series: meaning sometimes 
that they cannot be safely used under existing ideas as to their meaning and origin, sometimes 
that the mere idea of any one applying them at all, under any circumstances, is an absurdity. 
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We must admit that many series are such as we cannot at present safely use, except as means 
of discovery, the results of which are to be subsequently verified : and the most determined rejector 
of all divergent series doubtless makes this use of them in his closet. But to say that what we 
cannot use no others ever can, to refuse that faith in the future prospects of algebra which has 
already realised so brilliant a harvest, and to train the future promoter of analysis in a notion 
which will necessarily prevent him from turning his steps to quarters from whence his predecessors 
have never returned empty-handed, seems to me a departure from all rules of prudence. The 
motto which I should adopt against a course which seems to me calculated to stop the progress of 
discovery would be contained in a word and a symbol—remember ,/—1. 

I do not pretend to have that confidence in series which, to judge from elementary writers on 
algebra, is common among mathematicians: not even in convergent series. A few great forms, 
which have had substantive and finite expressions assigned to represent the remnants after any 
given term may, no doubt, be perfectly trustworthy. But as for the rest, I cannot bring myself 
to that positive assurance with respect to any general class of series which the writers to whom I 
shall presently allude appear to have with respect to such divergency as they do admit. The 
main object of this paper is to show that they have underrated the character of most of what 
they reject, and overrated that of all they receive. 

I shall now proceed to the different points of discussion in order. 


SECTION I. 


All Divergent Series, whether their divergence be finite or infinite, stand upon the same 
basis, and ought to be accepted or rejected together, as far as any grounds of con- 
Jidence are concerned which are not directly derived from experience. 


I satu first examine the general arguments on which Poisson supports the contradictory of 
the preceding assertion. This great analyst was at the head of the school in which definite integration 
had been made in a great measure to take the place of expansion into algebraical series. A definite 
integral is a particular kind of series, and has its converging and diverging cases, the latter being 
either of infinite or of finite divergence. Thus fre *de is convergent, fretda is infinitely 
divergent, and f,* cos wdw is finitely divergent. Perhaps in the natural bias derived from a 
continual contemplation of integration under the form of summation, not of inverse differentiation, 
_may be seen the reason for the opinion of divergent series adopted by the definite integrators. 

Let it only be granted that integration is as fully defined and as generally understood, as any of 
the fundamental operations of arithmetic, and the question on diverging series seems to be settled 
at once, and by a much easier argument than any of those usually proposed against them. To 


take an instance ;— |, da cannot be other than fledx+ fi edax + fp ede +...: but the 
first is (on the above assumption) infinite, and the second is (log2)~'(1+2+4+...) which is 
therefore infinite. Consequently 1 + 2+ 4... cannot, as usually held in algebra, represent—1. It 
must certainly be charged upon those who have hitherto used divergent series, that they have 
never reflected upon and explained, perhaps have never perceived, the singular apparent in- 
consistency which they were every day committing; namely, treating those very forms as repre- 
sentatives of infinity when they were consequences of integration, which they accepted as finite, 
when they were results of algebraical development. Referring further discussion of this point 
to a subsequent section, I now make two citations from memoirs by Poisson in the Journal 
de (Ecole Polytechnique, Cahier 19, pp. 408, 409, 501. 

Page 501 “On enseigne dans les ¢lémens, quwune série divergente ne peut servir a calculer 
la valeur approchée de la fonction dont elle résulte par le développement: mais guelquefois on 
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a paru croire qu'une telle série peut étre employée dans les calculs analytiques a la place de 
la fonction; et qwoique cette erreur soit loin Wétre générale parmi les géométres, il west 
cependant pas inutile de la signaler, car les résultats auxquels on parvient par Vintermédiaire 
des séries divergentes, sont toujowrs incertains et le plus souvent inewacts.” 

Pages 408, 409. “On peut voir dans les Mémoires de Pétersbourg (Novi Commentarii, tom. 
xvi et xvitt) la discussion qui s’est élevée autrefois entre Euler et D. Bernouilli au sujet des 
séries de sinus ou de cosinus prolongées a Vinfini. ues détails dans lesquels nous venons d’entrer, 
ne semblent devoir laisser aucune obscurité sur ce point d’analyse: nous admettrons avec Euler 
que les sommes de ces séries considérées en elle-mémes, n’ont pas des valeurs déterminées; mais 
nous ajouterons que chacune d’elles a une valeur unique et qu’on peut employer dans lanalyse, 
lorsqu’on les regarde comme les limites des séries convergentes, c’est-a-dire, quand on suppose 
implicitement leurs termes successifs multipliés par les puissances d’une fraction infiniment peu 
différente de Vunité.” 

I hardly know which of the passages in my Italics ought to excite most surprise. Divergent 
series, at the time Poisson wrote, had been nearly universally adopted for more than a century, 
and it was only here and there that a difficulty occurred in using them. As to the second 
passage, we may clear Poisson of absolute mistatement by remembering that he had both head 
and hands full of a subject which had tasked his great powers to their utmost, namely, the 
substitution of definite integrals for series in questions of mathematical physics. As far as in- 
tegration is concerned, I admit, and even think I shall presently show, that he was fully justified 
in what he said: in the meantime I attend to his argument in favour of finitely diverging series. 

Let us take the series 1-1+1—1+..., a remarkable specific case of both algebraical and 
trigonometrical series. I collect from what I have quoted, and from numerous other parts of 
his writings, that Poisson is content to equate } to1—14+..., considering the latter as a mere 
form indicative of 1—g+g*—..., where g is a fraction infinitely near to unity, but less. He 
will consent to use the limiting form of convergency, to walk on the line which separates con- 
vergency from divergency, but not to cross that line, even by an infinitely small quantity. 

In using the language of infinitely small quantities, I do not intend to direct any part of 
my argument against the ideas connected with the phraseology, because both Poisson’s statements 
and my comment on them might easily be translated into the language of the theory of limits. 
Let us then take 1-1+1-—... as indicating 1 -g+g°—... where 1 — g is infinitely small and 
positive. How can 1-g+g°-... be called convergent? Because the terms diminish without 
limit, and g", if n be infinitely great, becomes infinitely small. The departure from finite 
divergence, and commencement of real convergence, is infinitely distant. Now all that is 
wanted to make 1+2+4+... equal to —1 is the presence of the infinitely great negative re- 
mainder, which might be considered as not destroyed, but only removed, when the second side 
of (1—2)71=14+24+2°?+... 4+ 2%+2"t! (1 —2)7! is made an infinite series by m= @. If sup- 
positions which only take effect at an infinite distance from the beginning of the series are 
allowed to be made with regard to series of finite divergence, why may not the same be conceded 
in the case of infinite divergence? Both 1-1+... and 1+2+4+... are equally irreducible to 
their finite equivalents by the arithmetical computer; both are equally creatures of algebra: if 
a reason can be shown for the distinction between them, those who adhere to infinitely diver- 
gent series have a right to ask for it; but if, as I suspect, that reason be ewperience, I am 
prepared to contend that, when integration is not employed, there has not been produced one 
single instance in which divergency, properly treated, has led to error. 

That experience is the guide may be safely inferred in all cases of rejection, when those 
who reject do it to different extents. Poisson would admit 1° — 2° + 3° — 4°+... =0, since there 
is no question that, g being less than unity, the mere arithmetical computer might establish, 
to any number of decimal places, the identity of 1°-2°g+3°g*—... and (1-g)(1+g)~* But 


Mr. DE MORGAN, ON DIVERGENT SERIES. 185 


on this equation, 1° — 2° + ... = 0, Abel, another rejector, remarks (Works, 11. 266), ‘* Peut-on rien 
imaginer de plus horrible?” 

Poisson’s mode of allowing } =1-—1+... is clearly equivalent to an adoption of the maxim 
that whatever is true up to the limit is true at the limit. When relations of pure magnitude 
are in question, there is no doubt of the truth of this principle. But the words wp fo must not 
be understood inclusively, since then the principle would merely assert that what is true at the 
limit and elsewhere, is true at the limit. With this caution, it is impossible to prove that a relation 
of magnitude is true at the limit, if at the limit we have no longer calculable magnitude. We may 
not say that what is calculable up to the limit is calculable at the limit, nor that what is complicated 
up to the limit is complicated at the limit, &c.: but only that relations which are quantitatively true 
up to the limits are so at the limits, if the limits be quantities. Assume 1 — 1+... to be quantity, 
determinate quantity, and that quantity may possibly be shown to be 4 and no other: but it 
may not be assumed that 1—1+... is a quantity, because 1-g+g°—... is a quantity, up to 
its limit; or at least if such assumption may be made, no reason has been given for confining 
it to any one class of limiting forms. 

Again, it is clear enough from the manner in which Fourier, Poisson, Cauchy, &c. use the 
limiting form 1-1 +..., that they intend it to signify } in an absolute manner. The whole 
fabric of periodic series and integrals, which all have had so much share in erecting, would 
fall instantly if it were shown to be possible that 1 - 1+... might be one quantity as a limiting 
form of A,—4,+... and another as a limiting form of B,- B,+....  Fourier’s celebrated 
expression of a function by means of a definite integral, that of Poisson by means of a series 
of periodic integrals, &c., are all stated as absolute truths, and used as such, though they are proved 
only as limiting forms of one particular class of convergent series. A person who is much versed in 
the writings of the above-mentioned analysts must feel to his finger’s ends that one well-established 
instance in which 1 —1 +... means other than 4 would throw doubt upon all they have written. 
Now we have Poisson’s assurance that these series, though indeterminate, have each a unique value, 
which can be employed in analysis when the series are considered as the limits of convergent series. 
Here the word ‘indeterminate’ is loosely used, in the sense of not determinable by actual summation : 
a unique value, which can be employed (and therefore of course first found) is not indeterminate in 
any correct sense. But who is to assure us of this uniqueness of value? How could Poisson 
undertake to make the assertion? By an induction—an extensive one I grant—but still an induction. 
From (1 + 7)~!=1-—a+... to* 


1 wi AORTA: 4 ims 
wa 1—-@%@+ —2@+2"-... 
it is always observed that where the series-side of an attainable developement gives 1 —1 +... the 
finite side gives 3. But this induction may be overturned: and if the stability of form which really 
has hitherto characterized series of finite divergency should be found not to belong equally to those 
of infinite divergency, it should teach us rather to suspect the former than to content ourselves with 
merely empirical rejection. There are two ways of considering a series: absolutely, as a given 
algebraical expression, and relatively, as the development of a given function, from which it 
actually was produced. I do not defend the former mode of considering either convergent or non- 
convergent series; and I fully believe that analysts have been led into error, as to both classes, by 
incautiously reasoning on series of which the invelopments were unknown, I do not dispute that 
the arithmetical value of a specific case of a series may, when that particular case is convergent, be 
calculated : but, speaking of general series, it seems to me that it is dangerous to reason upon them 


“ This instance is very good for the purpose, since one side or the other must have all the difficulties of divergency: either the 
integral or the series is divergent. 
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until as general an invelopment is found ; after which, I incline to think that all conclusions upon 
the series should be upon them considered as the developments of those particular functions which 
produce them. My reasons are as follows. 

1. Discontinuity of form is not perceptible in the series itself, though it may very possibly 
exist; to reason upon a series as a continuous function, without knowing from its invelopment that 
it is so, is pure assumption. This remark applies particularly to series which are always conver- 
gent, and most of all to series which are convergent and also begin to diminish from the first term. 
If we spoke of mathematical results in the same sort of language as of physical phenomena, we 
should say that there is inaptitude in developments to be the permanent arithmetical representatives 
of finite continuous functions, and that series which must of necessity be always convergent, shew 
this inaptitude by discontinuity, while the others escape from arithmetic altogether by divergency. 

2. When divergent series are employed independently of their invelopments, it is impossible to 
distinguish the cases in which they really represent infinity from those in which they are developed 
forms of finite quantity. No one can actually calculate with the symbol = , even when its sign is 
determinate: for even if oo + c’and © x ©’ would not puzzle him, it is certain that © — o' 
and c + ’ would require reference to the producing functions. As soon as © is attained, we 
must stop for examination: this cannot be done if, when attained, it is seen under the divergent 
form which equally belongs to finite quantities, that is, is not seen at all. 

3. It cannot be questioned that series which are infinitely divergent, at least, may appear 
as very different things in different cases. For instance, an algebraist would be inclined almost to 
assert that 142444... must be —1; for he would say, if it be the object of algebra at all, it 
must satisfy the equation x =1 +2. But now let us consider the series 1 + 2a~" + 2°a—™ + a-™ 
+... which is certainly convergent, if a and m be both greater than unity, and as certainly increases 
without limit, as a — 1 diminishes without limit. When m = 1, the limiting form 1+2+4+4+... is 
clearly the representation, not of — 1, but of ©. The series e~? + ve~'" + we” + ... satisfies the 
equation 

PU _ndU hiss) 0 pO owe 
Ps ah Hah, or cas pd. a? bY’ n®¥? dé, 
where pe and W/@ are arbitrary, and a and f are any constants independent of a, 6, and m. In 
taking this form for U, I follow the example of Poisson, Cauchy, &c., who are always content with 
such a form, provided only that it contain the requisite* number of arbitrary functions, To make 
the form of U an algebraical equivalent of the series, we must determine @@ and W/@ from 


1 
1-—@ 


—5 
= [pea ov'n*d9, —= [ pou'd**d0; 


a 


a useless attempt, even when a <1, unless discontinuous forms of \6 be introduced. Here is a 
clear case in which 1 +2 + 4+... represents © : are we then really to abandon the assertion that it 
satisfies the equation 1 +2 =x? If so, the opponents of divergent series have gained their point, 
for those developments are not even to be trusted as to their symbolical properties. But I rather 
argue that it is not so, in the following manner. Every equation, it is very well known, has as 
many roots as units of dimension, only on the supposition that its problem is absolutely of 
that dimension, and not a degenerate case of a higher dimension. Plenty of simple problems may be 
proposed which illustrate this known result of common algebraical reasoning. Now the equation 
which stands related to the series in question in the same manner as1+2%=x%to1+2+4+... is 
px = a*e-’™ +(x +1). If this last could be generally solved, then @0 would be the series 


* They assume that 26%, or p, 0,7! + p.6,e%8 +... can | happen to be false, ‘toujours incertains’ may be applied to many 
always be represented by fp 8d 0, which I believe to be true if | Of their results, and ‘ le plus souvent inexacts,’ may follow, 
4 may be discontinuous. But it has not been proved: should it 
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required: if, after solution, b were made = 0, we should see that 1 + 2x =x, the result for x = 2, 
would be only a degenerate form of a more complicated form. 

This remark will illustrate my opinion that a series is to be considered strictly in relation to the 
function from which it is developed. If «* + a*+'+... be absolutely under consideration, the 
equation pz = w*(1—.)~' may be strictly obtained, and thence (1—)~' for1+@+... But 
there is no saying what further degeneracy of form may be seen in passing from px = ae! + 
p(# + 1) to 1+2z%=2, which is not seen in passing from pz = a* + p(x + 1) to the same. 

My conclusion is, that a divergent series may have for its proper value either that which is 
usually so considered, or infinity, according to the nature of the function from which it is expanded. 
And since every equation has as many roots as it has algebraical dimensions, so many of them being 
infinite as there are vanishing coefficients which precede the first finite coefficient, there can be 
no right to say that the symbolical character of divergent series is forfeited, until either the symbol 
co takes the place of the ordinary value in a case in which there is no degeneracy, or until some 
Jinite value, different from the ordinary one, is shown, in some one particular case, to be the proper 
representative of the series. Let 1+2+4+4... be shown to be any thing but a root of either 
1 +2x =2, or of another equation which has degenerated into 1 +2z =x; that is, let it come out 
any thing but — 1 or ©, and as a result of any process which does not involve integration performed 
on a divergent series—and I shall then be obliged to confess that divergent series must be aban- 
doned, or rather, that the generalizations frequently made on the subject must be much curtailed. 
But nevertheless, there is nothing to lead us to doubt that divergent series of all classes, whether of 
finite or infinite divergence, must be treated alike. If any one say that such a difficulty as the 
preceding cannot occur in series of finite divergence, he must prove it. 

It might perhaps be supposed that, in every doubt which has been raised in the preceding 
remarks, the finitely diverging series have been much less hardly borne upon than the others—to an 
extent which may make it seem to be almost admitted by myself that the foreign analysts, if not 
justified in their dogmatical rejection of infinitely diverging series, have nevertheless chosen, and 
judiciously chosen, to confine themselves to the safer of two paths. But it is to be remembered 
that I have been obliged, as yet, to mention only their practical division, which really consists in 
the separation of all finitely diverging series from the rest. Had I had to make my own division 
of series, I should have admitted that there was one of two paths which was much safer than the 
other: but I should have asserted that the labors of the writers in question did not extend over the 
whole of that path. From the sort of appeal to induction which unfortunately must, in the present 
state of our knowledge, help us to a part of our results on series, backed by considerably more of 
demonstration than has been applied to the remaining cases, it seems to me pretty clear that the 

’ proper line of demarcation does not separate series of finite and infinite divergence, but series having 
all their signs alike from those of terms alternately positive and negative, or consisting of parcels or 
terms alternately positive and negative. This will be the subject of a subsequent section. 


SECTION II. 

The Operation of Integration as at present understood, is one of Arithmetic, as distin- 
guished from Algebra, and must not be applied unreservedly to Divergent Series. 
Accorp1Né to elementary notions, we differentiate when we find the value of Sp(wth)-—Prth-' 

in a calculable form when h = 0. Integration is usually defined as the inverse question, which 

must be, required @w when the calculable form of }@(w +h) - pert h-' is given forhk=0. This 
demands the solution of a functional equation, and it is easy to say, Let this equation be considered 
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as solved, and let the process of solution have a name. But the state of our knowledge makes it of 
no use whatever to express a conventional solution, since our power of translating our convention 
into ordinary language is confined to a small number of cases, all rendered backwards from the 
direct process. Common integration is only the memory of differentiation: and the process of 
parts, and the few other artifices by which it is effected, are changes, not from the unknown to the 
known, but from the forms in which memory will not serve us to those in which it will. We may 
assume that any function has an integral, and we may write down [cos w* daw or fede; we 
may also have recourse to series, and by assuming an unlimited use of divergency, we may procure 
abundance of nominal answers to any question. But we cannot be so much as sure of the fact that 
every continuous function has an integral, except by recourse to the summatory definition, namely, 


f poan = {pa +o (« + *—*) + (« +2 = —} Des p (« + 7 ae “\\e=s 


rn n % nu 


in which 2 is made infinite. This definition, as is well known, never fails, nor can fail, to give one 
value for every value of a and w, applied to one branch of the function, except only when pv 
becomes infinite at or between v =a and v=a. In this last case, we have not even the means of 
universally defining [pvdv: all the difficulties of divergent series meet us again. 

In confining ourselves to this arithmetical definition of an integral, when one of the limits is 
infinite, we must, as to a large number of cases, act precisely as if we separated a class of divergent 
series from the rest, and insisted upon their retaining for their values the idea which the attempt at 
arithmetical summation gives, infinity. The early problems by which the nature and use of 
integration is suggested, being problems on concrete (mostly on space) magnitude, cannot afford the 
means of generalizing our definition. No doubt the area of the curve y =e", represented by 
i e'da, is greater than any surface which can be assigned: no doubt also that the series of inscribed 
rectangles 1 + ¢ + e? +... is the same. When we shall have obtained the definition of an integral 
by which we can state such a value for fv ede as is the true correlative to (1-e)~' considered as 
the value of 1+ 6 +... then, and not till then, shall we be entitled to claim integration as an 
instrument of algebra in the widest sense. Some of the objections raised against divergent series, 
indeed most of those which are very plausible, are grounded upon the supposition that integration 
may be as unreservedly applied to divergent as to convergent series, if the former are to be used 
at all. That this cannot be done may be satisfactorily shown by instances, as follows : 

1 — #cos av - 
~= 1+ rcosav +2 cos2av + ...... 


Let ov = —— . = 

1—2wcosav + x2 

which never becomes infinite for any value of v, except only when # = +1; and the series is con- 
vergent when a lies between —1 and +1. Multiply both sides by e~°dv, and integrate from 
v = 0 tov=co,in which case there cannot be any doubt about the purely arithmetical (or convergent) 


a 


character of every integration. This gives us, ¢ being e ¢ 


° 

= f eepede =l+at+ at +b + att +... 
Vo 

This resulting series is convergent for all values of a: for, since ¢ is less than 1, af” must 

become less than unity after a certain value of 2, and thenceforward .S(w¢")" must be more con- 
vergent than any series of simple powers. If a lie between —1 and +1, the whole of this process 
is purely arithmetical, and the identity of the two sides of the last equation might be approximately 
verified by actual computation: if not, the original series, though divergent, is changed into 
a convergent one by the process, Change w into a7", and let @v then become ~,v; we find 


pvt+giv=1, and 
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Accordingly, if all that precedes be correct, we have 


2+ («+-) t+ (+5) t+ (#+<)e+ roa aly 
which is certainly false, unless a convergent series can represent less than half the sum of its terms. 
This last series is always convergent, except only when a=0, or t¢=1, in which case the last 
equation is found to be algebraically true. If for w we write —, the equation is found to be 
true when ¢ is equal to the least of w and #~', but is certainly not universally true. 
Apply the same process to 


(1 — 2) cosav 
| = COSA + @ COS 340 + &” COS5AD + coeeereneess 
1—2@ cos2av+a@” 


and the result is 
: 1 1 1 
0= (1 +=) fit («+=) P+ («+ x) fF stadia 
w a a’ 


on which precisely the same remarks might be made. I might multiply instances of this kind to 
any extent; but the following consideration will render them needless, as showing that what we 
have seen is precisely what we ought to have expected. 

‘Integration, though only capable of an arithmetical definition, is the most decided changer of 
form which we ever use. A change of value in a constant may introduce a totally different form 
into an integral ; and in particular, the assumption of infinite value for a constant has this effect 
almost without exception. And in regard to definite integrals, there is hardly any end to the 
known instances in which complete and apparently arbitrary changes of form (such as cannot pass 


P 0 : : . : 
one into another through aoe the like) arise from alteration of the specific value of a constant. 


If then V be expanded into the series P, + P, + P.+... and if the sum of n terms, 
P,+P,+... + P,_, be called Q,; we obviously have 


['Vdv = J P,dv + J, Pdv+...+ J, (V-Q)dv 

where is made infinite after integration. When the series P, + P, +... is convergent, then, even 

granting that /(V — Q_)dv may have circumstances peculiar to n= ©, it is of no consequence, 

since considerations of form are rendered useless by evanescence of value: the elements of /(V—Q,) dv 
* must, by the hypothesis of convergency, diminish without limit as compared with the corresponding 

elements of fP,dv, fP,dv, &c. Even if integration converted the convergent series into a diver- 

gent one, this would still be the case. But if P,+P,+... be divergent, we have no longer any 
right to draw any conclusion about /(V — Q,) dv from observing what takes place with /P, dv, 
dae dv, &c. Applying this to our first example above, we have 

1 —a@cosav cos (v7 + 1) av —a@cosnav 


= 1+ wcosav +...+ 2" cosnav + a"*' = 
1— 2@cosav + a 1—2a@cosavu+a2 


change x into 2 ', and add; which gives 


F : (a+! + 2) cos (n+ ljav- (w+*+=) cosnav 
1=2+ (« + ~) cos 20 +...+ (2+ ) CS 100 OS ee 
x a 1 —2e@cosavu+a2 
This equation is identically true, the only restriction being that » must be a positive integer 
(0 included). Consequently, we have, as specimens of legitimate inference from integrating a 
divergent series, 


BB2 
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@ 1 1 
2 i (ore =] cos nav — (« yr tl 4 =i) cos (v7 + 1) av 


ft, e7 "dv 
1 —2a@cosav + x 


ies 1\ 222 1\ me 
-1+(24-)e T+ (045) . t..¢ (a"+<) é 
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1 igi +2~"*) cosn av—(x" +a") cos (m+1) av 


= e “dv 
thay (w +a") —2cosav 
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reo £(v+a7 omnes 


The series continued ad infinitum is expressed by the value of the integral just found, in 
which » is made infinite, being the very remainder which is called nothing in the original and 
fallacious process. Many interesting forms might be derived from the preceding and similar 
cases, but having no reference to the subject of this paper. 

When the terms of a divergent series separately vanish, the series having remained divergent 
up to the time of evanescence, it is customary, in elementary works, to assume that the series 
itself vanishes: or 0+0+0+... is taken to represent 0. Very frequently, no doubt, the in- 
velopment shows that this is correct; and I think I shall be able to show that if the function 
be perfectly continuous on both sides of the epoch of evanescent form, a reason can be given why 
it must be so. But so far as the series itself is concerned, we have no right to come to such 
a conclusion, unless we can shew that as the evanescent form is approached, the invelopment 
diminishes without limit. The following instance will show the necessity of this caution. 


-cosnave “dv. 


«xe ”' cos bt dt 
ee ae 

tainly is not comminuent with a, but approaches the limit dame’, the well-known value of 

| cos bt(1+#)-'d¢. Expand the first side into 


is convergent for all values of a, however small, and cer- 


The integral ifs 


L p2nte 
se Ucosoe (1-# 40 t —1)"é" + (—1)**! — } 
J ; ee aaa Meets 


which, from 
T (2m + 1) cos {(2m + 1) tan-! (ha- ait 
(b? +a yeu) 


ip e~“ cos bt .f" dt = 
0 
gives, making tan ~'(ba-*) =0 
(b? + a')~3 cos @ — 1.2 (b? + a*)-# cos 30 + 1.2.3.4 (6 + a*)-? cos 50 — 


n+2 
+ (= 1)"1.2.3,..2n (0° + a‘) = cos (2m +1) 0+ (- es = ues bee dt 
5 eee 

If we neglect the last term, or suppose » infinite, we have expanded the given integral into a 
divergent series of which all the terms are comminuent with a: for a = 0 gives 0= dr. When we 
have the remainder, we may, by retaining its proper value, allow the preceding form 0+0+40+... 
to stand for 0: but otherwise the appearance of that form must be a warning, when it arises from 
the value of a divergent series, that there may be some finite equivalent which is not to be neglected. 
It is worth noting that immediately before the terms of the preceding series vanish, they are all 

of one sign, or cos, cos 30, &c. are of alternate signs. This is one out of the constantly recurring 
cases in which it happens that the difficulties of series are mostly incident to the divergent case in 
which all the signs are the same; the illustration of which is the subject of the next section but one. 
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SECTION III. 


It gencrally happens that the real analytical equivalent of the different values of an 
indeterminate expression, is the mean of those different values. 


Tuis principle must rest at present upon induction. When Leibnitz pronounced 4 to be the 
value of 1 — 1 +... because there was no apparent reason why either 1 or 0 should be preferred, he 
was not only right in his conclusion, but had a glimpse (though not in solid reasons) of a principle 
which admits of such frequent confirmation that it may be suspected to be general. 

In the first place, if we take any algebraical series, such as a + bv — ew? +aa°+ba'—ca'+,., 
in which ec = a + b, so that when a = 1, the successive results of summation are a, a + b, 0, a, a+b, 
0, &c. we find by common processes that the analytical equivalent is the mean of a, a + 6, 0, or 
4(2a+6). The same thing happens if we take other forms which produce the same limiting form, as 
a+bcos@—ccos20 +... 

Secondly, if we take a series A, + A,cos@ + A, cos 20+... or Fourier’s integral pa cos 
w (w — v) pv dw dy, in such manner that it may represent the ordinate of a discontinuous curve, 
the branches of which do not join at the common ordinate, it is found that for the abscissa of the 
common ordinate the series and the integral represent in both cases, not either or both of the 
ordinates, but the mean between them. 

Thirdly, the indeterminate symbols sin ¢¢ and cos ¢ are found in numberless cases to represent, 
each of them, 0, the mean value of both sinw and cosa, ‘The mean value of any function pa, 


between a and 3, is [pada divided by 6 — a. 
Fourthly, if # lie between —7/ and + J, Poisson has shewn that 


1 1 I mle 
pr= =f" prdv + yf cos mn goael (from m= 1to m=), 
=f 


l 

=i 

the second side of which is not changed in value, by changing the sign of /. And this second side 
is the same whether we make w = — /, or a = +/; consequently it is wholly undecided whether it 


is then to represent @(-/) or P(/). Poisson has shown that in either case it represents the mean 
of p(J) and p(— /). 

Fifthly, if we extend the term mean value, and, in cases in which the function becomes infinite, 
define it as {*padax— (b — a), the same principle applies, in a very peculiar manner, to the remaining 
trigonometrical functions, if the part of the integral at which @x becomes infinite, be examined in 

‘the manner which occurs so frequently in the writings of M. Cauchy. Let us take for instance, 
tana. In hss tan ada, the finite parts destroy one another: and to obtain the expression for it we 
must examine the integral from 4a —p to 4a +, and from 37-4 to 34+, being infinitely 
small. - Now the indefinite integral is — log cos vw, so that we have to examine 


cos (37 — ») 


Ga Tad pe eee) 
© cos (37 + «) 


each of which is log (— 1) or awi\/—1, when » = 0. Hence i tan vdv is 244/— 1, which divided 
by 27, gives We 1, the proper representation of tan ©, if this principle be true. Now if we 
an Ab AO and make wv infinite, presuming that © and 
1 — tan tany 

co + y are the same angles, we find tan © = +,/—1. In the same manner cot © is +, 
It cannot be argued that since the values of tan 2, from w = 0 to a = 7, have signs contrary to those 
from v = 7 to w = 27, therefore if r1/—1 be taken for the first, — aV/-—1 should be taken for 
the second: the reason being that the signs in the second semicircle are really repetitions of those in 


examine the equation tan(#+y) = 


=I 
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the first, and only contrary in an inverted order. And it must be remembered that, 4 being the 
mean value of XY, @4 is not therefore that of @X: thus sin’w has the mean value 4, not 07. Also 
that, when a quantity is, at one or more epochs, infinite, its mean value is not necessarily positive 
because all its values are positive. Thus tan?a# has —1 for its mean value. The mean value of 
seca or cosecw is 0. This remarkable coincidence of two modes so remote from each other of 
determining the analytical meaning of tan c> and cot © , depends at last upon ¢€*=¥-! =0, an equa- 
tion which more writers have virtually used than have openly dared to state it. The apparent dis- 
turbance of the law of continuity when # = ©, as in cos’ © + sin* «© = 0, &e. is perhaps what has 
prevented the formal recognition of these relations: nevertheless they will, it may confidently be 
asserted, not only obtain universal reception, but finally a rational and consistent explanation. 

The following is a glimpse, perhaps, of the explanation, as applied to series. In every conver- 
gent series, the limit of the sum of all its terms is the mean value obtained from all the summations: 
the mean of m partial summations 4,, (4, + 4,), ...... (4, + 4,+... + A,) 

Ty bangle ay cia fee 
n n 
which, as 7 is increased without limit, has 4, + A, + ... ad inf. for its limit. Hence, by Poisson’s 
principle, by which I mean the assumption of the right to apply the maxim, ‘*‘ that which is quanti- 
tatively true up to the limit, is true in the same sense at the limit, when the limit presents an 
incalculable form”—we may assert most positively, that 1- 1+ 1 —... must be 4 whenever it is the 
limiting form of convergency: not on the metaphysical doctrine (probably suggested by the known 
result) of Leibnitz, namely, that we can see no reason to prefer 0 to 1, or 1 to 0, and must therefore 


: : - 1 n 1 nm+t1 
take a mean; but because » partial summations give the mean — x FOE 


n 2 
is even or odd, and the limit of both is 4. At the same time it is easily proved that whenever 
the partial summation gives recurrences in which 0 occurs at stated equal intervals, the limit of the 
means must be the mean of one period. 

As in other cases, the diverging series whose terms are all of one sign is not elucidated by this 
process, which nevertheless, provided we adhere to our principle, brings out the true algebraical 
result for series which have terms alternately positive and negative. The mean of 1, 1 —a, 
1—a+a’, &c. (m summations), is 


according as ” 


1 a Ca 
+ = + (— 1)"*! ——__:: 
1+a nl +a)’ n(1 + a)° 


if, when m is infinite, we take (— a)"*’ as 0, the mean of the values between which we cannot then 
choose, we have (1 + @)~' as the limit. 


SECTION IV. 


Series of alternately positive and negative signs stand upon a much safer basis than those 


in which all the terms have the same signs, aud that whether their divergence be finite 
or infinite. 


At the very outset, namely, in the mode of finding whether the series is convergent or divergent, 
there is every possible difference between the two species above-named, which we may term 


progressing and alternating. The progressing series p (1) + P(2) +... is convergent when the 
first of the set 


R= =, P,=logx(P,-1), P,=logloga(P,-1)... P,= (log)*« (P,_,—1)... 
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which is not equal to unity is greater than unity; and divergent when the first which is not 
equal to unity is less than unity. But @(1)-@(2)+... is necessarily convergent, provided 
only that @ (co ) = 0 continuously, or that the terms ultimately diminish without limit. 

A progressing series must be either convergent or infinitely divergent ; an alternating series may 
be convergent, or either finitely or infinitely divergent: but the infinite divergence of the latter 
is of a different character from that of the former. I very much doubt whether it is quite 
correct to apply the same phrases to both kinds of series. 

It is easy to apply Poisson’s principle to alternating series, even when they are of infinitely 
diverging form. We can always contrive to find positive quantities B,, B,, &c. in such a 
manner that A,B, — 4,B,+ A,B,— ... is convergent, up to a certain value of a variable contained 
in B, &c., which makes them become severally =1. Thus 1-4 +a’~ is a limiting form of 
1—av-"+a’a-" — a'a-" +... which, n being > 1 is certainly convergent down to w = 1, exclusive; 
and this whatever the value of a may be. Whether this limiting form is always (1 + a)-! may be 
a question; but, as I think is sufficiently shown in various parts of this paper, the question may 
also be asked about the finitely diverging series which have been so confidently allowed. 

When an alternating series is convergent, and a certain number of its terms are taken as 
an approximation, the first term neglected is a superior limit of the error of approximation. This 
very useful property was observed to belong to large classes of alternating series, when finitely or 
even infinitely divergent: I do not remember that any one has denied that it is universally true, 
while many have implicitly asserted it. When the series is convergent for a certain number 
of terms, particularly if the terms become very small before they begin to increase again, it obviously 
makes the divergent alternating series practically as useful as the converging series, perhaps even 
more so, for it is very frequent that the greater the ultimate divergence, the greater also is the 
primitive tendency towards convergence. 

In any series P,- P,+ P,—... this theorem is obviously true as long as the remnant 
P,— P,,,+... has the same sign as P,, or the positive sign. Thus, if P,-—P,,,+...=Q,, we 
have for the series P,-— P, + Q, and P,- P,+ P,— Q,: if Q and Q, be positive, the series is 
greater than P, — P, and less than P, — P, + P.; which is a case of the theorem. It is also clear 
that if either Q, or Q, be negative this case is not true. 

That the theorem is not universally true will appear in the following instances : 


4 = cos’ a — cos*2a + cos* 83a — 


1—-3¢t 
1-f 


It is not true that 4 always lies between cos’ a and cos* a — cos*2a, or that (1-3t) (1 -#)-! 
always lies between 1 and 1 — 3¢, whenever ¢ is positive. The following investigations, though they 
will fully explain why it is that the theorem is so often true, are insufficient to distinguish accurately 
between those in which it is and is not true. 

When gw can be expanded into 4 —- Bu +Ca*—... (4, B, &e. being positive), we take 
the known form 


=i —Stt fst 2f— 3h +o 


: x: vd a" gt 
OLE doen + oO aes + oo ———_ + @™ (2) ———— 
Q “7 ? 2 ? ieiGinoe te ? ( Nor sae 
in which @<1. If then @’0, 0, &e. be negative, and ~0, p'0, &e. positive, and if px, px, Ke. 
each preserve, up to v = a, the sign it starts with when x=0, there is no question that the theorem is 
true from «# =0tow=a. Thus common differentiation with respect to a will prove the theorem 
for the case of 


a edu ‘ : 
‘4 = 1 -—.w + 2a* — 2.3a°+... 
o L+tav 
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For any particular series 4, — 4, +... it is enough that 4, —- 4,2 + ... should be a continuous 
function of w whose differential coefficients preserve their initial signs from «=0tow=1. But 
though some of them should change sign, the theorem obviously remains unaffected as to summation 
stopping at parts of the series in which no change takes place. It is then no wonder that the 
theorem should be so frequently true. 

Whatever value a function may have when w= 0, it is obvious that if the commencing series of 
signs, namely, those of po, po, &e. be + —+ — + — &c. ad infinitum, the function itself, and all 
its differential coefficients, are at the first instant in a state of memerical diminution. The reason 
is that those which begin negative are algebraically increasing, while those which begin positive are 
algebraically diminishing: this follows from the well-known (but much too scantily used) theorem 
that a function is in a state of algebraical increase or decrease according as its differential coefficient 
is for the moment positive or negative. Adopting for convenience the mechanical idea of the differ- 
ential coefficient representing the velocity of the function, and supposing a to be the time elapsed, 
say in seconds, let @a=A,- 4,v+ A, —... be a function of x, 4,, 4), &c. all being positive. 
And first let 4,, 4,, 4, &c. present an unbroken series of diminutions, or A, —- A,, 4, — 4., &e. 
an unbroken series of positive signs. Then @a begins = 4,, with retardation at the rate of 
— A, per second. But 4, is less than A,; therefore this rate of retardation cannot change the sign 
of maw in one second, unless it receive an increase. But this there is no symptom of at the com- 
mencement, since 0 is positive, and the retardation begins by being checked. Hence, if a func- 
tion start with a differential coefficient of a sign different from its own, and numerically less, it cannot 
change sign within the next unit of increase of the variable, without the second differential coefficient 


; eA ete: 
first changing sign. Nor can it even change sign before w becomes — without a change of sign in 


1 
pa previously occurring. For if the velocity had continued uniform, it would then have been 


A : ; A ‘ : 
A, - rhe or 0, and would not have changed sign till after « =—* at least; but since the velocity 
1 1 


: . wade Phere ae : : A 
of retardation begins by being diminished (pv being positive), it must make this up before # = vi 


1 
if a change of sign be to take place; that is, increase of retardation must come on, or pia must 


become negative. All this will be very plainly pictured in the curve y = @a. 


Again, if p,a =A, - A,v+... and if A,> A, similar reasoning shows that @, v2 cannot change 
sign before « = 1, unless @,"'@ first change sign. If neither @” x nor @,” xv change sign from wv = 0 
to w=1, then it is easily collected that 4,- A, +... lies between 4, and 4,- 4,. And if we 
suppose 4,, 4,, &c. to diminish until we come to 4,, then if @,« = A,—A4,,,#+ ... we see that if 
neither @,_.@ nor @,_,@ vanish before #=1, we are sure that 4,_, and 4,_,—4,_, contain 
A,_,—A,_,+..-. between them; from which it may readily be proved that the theorem is true up 
to the last but one of the converging terms, under the preceding pair of conditions. 

The useful part of this theorem in calculation, is undoubtedly its wswal truth for all the 
apparently converging terms of the series. And we see from the above that if these converging 
terms last up to 4,, then m not being >, the theorem is true up to 4,,_,, inclusive, if neither 
pv nor @,,_,v vanish before w=1. But the theorem is not universally true even for 
converging terms. Let da =3-—2a + a — 20a*+20a*—20a°+ ... which has three terms con- 
verging, and is of finite divergence; so that Poisson would admit —- 8 = 3-—2+4+1-—20+420-... 
as the limiting form of the above when a=1. But —8 does not lie between 3 and 3-2. This 
series is the development of (3 + # — a — 19°) (1 + x)~' and its second differential coefficient will 
be found to change sign before # = 1. 

We will now look at the theorem in another point of view. Every alternating series may be 
reduced to a case of pv -—g(a#+1)+ p(w+2)—... in which @v is a positive function from 
v=a tov=¢. If this be the proper developement of \ya, then Wx + W(x +1) = pa; con- 
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sequently vu +(v+1) must be always positive from v=a to v=o. Hence wv cannot 
change from + to — when v =a, without changing again from — to + before v=a+1. Now 
the theorem can only be disturbed by \v becoming negative: for Wx = px —wW(a+1), or, 
 (@ +1) being positive, pa>gpa; again x= pa —- p(v+1) + (w + 2), or, Wy (w +2) being 
positive, yar < dw — (a +1), and so on. 

Hence 1. No function ya can be expanded as above unless it be one in which its changes of 
sign go in pairs, the — + change following the + — change before the variable has received an 
additional unit: 2. except at those epochs at which y, (# + ”) happens to be negative, the theorem 
must be true. As long as da, d (w + 1), &c. continue diminishing, the theorem must either be 
true, or there must be a minimum value of Wa within a unit-change of the variable, reckoning 
from the last change of sign. When ya changes from + to —, yw is negative, and when from 
— to +, Ww is positive: there must then be a minimum value of yx between the two changes. 
Now as long as dw diminishes, or ¢'w is negative, W'v +, (w +1) is also negative. After the 
minimum is past, then, vy,’ cannot continue positive until @ has increased by a whole unit, or there 
must be a maximum value within a unit-change of the variable, reckoning from the minimum. If 
then the terms continue diminishing as far as @ (w +), it may be collected from the above that the 
theorem is true for the several summations up to ¢ (w+ — 1), except for those in the neighbourhood 
of the last terms of which are found two roots of ya for values of w not differing by a unit, followed 
by a maximum value of Wa, for a value of # not a unit in advance of that which gives the inter- 
mediate minimum of the roots. And if \# can ever become infinite, @a being finite, then ... 
W(a+ 2), (@ +1), Wa, vv (w — 1), ... are all infinite, with alternate signs. From thisit will readily 
be seen that in the greater number of cases the theorem must be strictly true. 

Again, it is now known that every function dw ean be expressed in the form = de, provided that 
integration be included under the sign &, and also the finite summation of terms in which 4 is 
infinitely great, and a infinitely small, and which give a finite sum by difference of sign. 
Whether many cases of this reduction do not involve much greater difficulty than those of divergent 
series, may be a question. However this may be, it is clear that in whatsoever manner maw may 


be represented by =Ae™, in the same manner pr - p(w@+1)+... may be represented by 


Ac” z . “* ° 

a5 5) 0 all cases, then, in which the several terms of {4e™ are severally positive, and, if 
+e : 
ar 

infinite in number, can be arithmetically summed, it follows that Ww or = , is also positive. 
3 l+e 


Thus for all cases in which @w can be expressed by [ee™x vdv, xv being always positive between 
the limits, it follows that the theorem is true. 

We find then that this theorem must be true in the great majority of cases: as far as 
observation goes it is not known to have failed in any one of the instances in which its use is of 
importance. It is enough, without any thing else, to draw a great distinction between the pro- 
gressing and alternating series. But this is not all: it is also matter of observation that there is 
great difficulty in finding alternating series which become infinite for one or more values of their 
variable, without having recourse to those in which the law of the coefficients is discontinuous. It 
is most easy, both to make the above theorem fail, and to procure a case in which infinity of value 
can be obtained, by means of the development of common algebraic functions, presenting discon- 
tinuous coefficients; but it is not easy with coefficients following a continuous law. 

It cannot of course be proved that 4, — 4, + A, — ... is necessarily a finite quantity, since cases of 
exception may be procured: but some illustrations may be given of the tendency of this form to 
represent only finite quantity. Probably nothing but the collection of such tendencies will ever 
lead to a rigorous criterion for ascertaining in what cases it can represent infinite quantity. 

In a great many cases, a large majority of those usually considered, the complete alternating 
series 4, — 4,a + 4,a* — .., diminishes without limit, as 2 increases without limit: and the faster 
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A, A, &e. increase, the more rapidly does this diminution take place. We shall see, in the next 
section, that this comminuence of 4, — d,a + ... and w~' is to be looked for as the rule, its failure 
being the exception. 


T.et the series be transformed into 


2 


1 @ 


{a, od (A, —a A) oo Ge (A, = 2a dA, - a? A) 


1+ ax aa) (1 + aa)? 


2 

— (A, — 3a 4, + 307A, — a’ A,) = psp 
(+ ax)! 
which is easily done. Let a be taken so small that the series just obtained shall still be alternating, 
which can generally be done, though not always, and then, on account of the factor (1 + aa)~’, it 
is clear that the original series and aw‘ are comminuent except only when the second series and x 
increase without limit together: that is, instead of supposing, as a priori we should do, that the 
alternating form with terms increasing without limit has an equal facility of approaching any given 
limit, we are rather to look upon it that its facility of approaching any other limit except 0, as 
increases without limit, is only equal to that of its approaching © , or increasing without limit. I 
am not, of course, disposed to attach much weight to reasoning which rather resembles that of the 
theory of probabilities than of pure mathematics: but I do say that it must be better to take such 
considerations at their proper value, as suggestions for the conversion of results of observation into 
demoustrated theorems, than to allow isolated facts which evidently point at something, to remain in 
their state of separation. 

This inaptitude to represent infinity, and this tendency to comminuence with a-' are both cir- 
cumstances which render the operation of integration much safer as applied to alternating than to 
progressing series. But the principal distinction between the two kinds of series seems to me to 
depend upon our present knowledge of the meaning of integration, as explained in a previous 
section, being imperfect. The progressing series cannot be expressed differentially without the 
operation of what we may call progressing integration; the alternating series can. This is exem- 
plified in the two following remarkable theorems, given by Poisson : 


po+pl+p2+...=F p04 fy bxdz +2>"=P os cos 2mrz pz dz}, 


po- pl+p2-...=bp0 4+ 2B"% ff,” (cosmarx — cos2mrx) pxdzt. 


We may now examine the sort of proof which we can obtain of the usual values of divergent 
series, with the view of comparing finite and infinite divergence. Let V = P, — P, + P,— ... and 
let P,, = 1 when # = 1, independently of m. Also, before w = J, let the series be convergent ; after- 
wards divergent. Let P, = P,_,; - p,_,, whence p,_, =0 whenw=1. And 


V = Po — (Po- po) + (P, — p,) — .-. or V=SPy + (Po — Py + Po — ---)- 


Again, let W=Q,+Q,+Q,+... and let Q,=2" when w=1. Let Q,=2Q,.,— G4; 


whence g,=0 when v=1. And W= Q, + (2Q,-q) + (2Q:-—M) +... or W=-Q- (+H 
+. +.-.). When « = 1, we have 


V=3P,+(0-0+0-...); W=-1-(0+04+0+...) 
and on the proper equivalents of the two evanescent forms it depends whether 1-—1+1-—-—...=4 
andl +2+4+...=-—1 are true or not. Now instances enough may be produced in which 


04+0+0+4.,. is not an equivalent of 0: though, by instances merely, it would be found exceed- 
ingly difficult to overturn 0-0 +40... = 0, as long as the common operations of algebra only are 
used. But here again, when the forms of the integral calculus are employed, instances may be 
produced in which, though the form 0-0 +... may still be called 0, it is only by means of a 
discontinuity which, occurring as it does at the limiting form of an alternating series of finite 
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divergency, has a tendency to destroy the exclusive confidence which many modern analysts have 
placed in them. 

The very foundation of this confidence is, as we have seen from the expressions of Poisson, 
a full belief in the maxim that whatever is numerically true up to the limit is true at the limit. 
To this principle, reasonable and convincing as it is, let us join the remembrance of a fact so 
well ascertained, were it merely as a matter of observation, that alternating series are more safe 
and more easily calculated than progressing series, and also the simplest of all theorems on 
convergency, namely, that an alternating series is rendered convergent by mere diminution, if 


Hie : 2 ; ; : -=sinaw 
unlimited, of its terms. With these premises let us consider the integral | dx. I 


“5 xv 
believe that this one integral might be made to throw a case of exception in the way of those 
who have claimed privileges for the finitely diverging series over other non-arithmetical forms, 
in every particular as to which their superiority has been asserted. 

5 * . ° F ° ©sinax 
Poisson, agreeing in this point with all other analysts, asserts that —— dw is 37, 0, 
“Oo av 
or — 47, according as a is positive, nothing, or negative: any computer using the method of 
quadratures would confirm this result in all its parts. But this integral is clearly the same as 


or 3x 


wT 
asinaw a sina a sinaw 
Og LP i CE a du +... 
= 7 : an 
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which is an alternating series, since the second, fourth, &c. integrals are composed entirely 
of negative elements. Moreover the terms diminish without limit, since the numerators of the 
Rinents are recurrent, but the denominators constantly increasing, and without limit. However 
small a@ may be, if it be positive, }a is the real value of the series, obtainable by the computer: 
and yet if a be absolutely = 0, each “of the terms is also absolutely =0. But if 1-1+1-... is 
to be taken as having the wnique value 4, which may be employed in analysis (the Italics are 
Poisson’s expressions) because 1—g +g°—... is certainly (1 +g)~', however little g may fall short 


; 3 T a, Te 
of unity, then surely 0—0+0-—0+.., may here represent either — 5 Of +s; since, however 


small a may be, when negative it gives the first, and when positive the second: notwithstanding 
which, it is certain that 0-0 +40-—... is in this case = 0. 

Here then we have 0-0+0-—..., a limiting form, and that which is true up to the limit is 
not true af the limit. But why is this principle abandoned, being, as it is, the very point on the 
‘assumed clearness of which the line is drawn between the accepted and the rejected cases of non- 
convergency? Is it that an infinite series of zeros must represent zero? I think I have shown 
sufficient cause against that assumption. Is it by the principle of mean value discussed ia the 
last section? No one that I know of, except Leibnitz on grounds purely metaphysical, has ever 
used this principle, and no one has hitherto stated it in general terms: and moreover the modern 
analysts appear to require strictly arithmetical foundations, and would acknowledge no identity 
of principle between their methods and one which produces tan © = Wa1; they seem also to 
suppose that they are quite free of the use of principles established by induction, Either then 
the principle that whatever is numerically true up to the limit is to be held true at the limit 
must be abandoned, or exceptions of discontinuity, in questions involving integration, must be 
admitted to be possible in a manner which renders the cases to which Poissou and others have 
confined themselves subject to as great difficulties as those which they have abandoned. 

In a preceding part of this paper I spoke of it as a strong presumption that 4, + 4,7 + A,a°+... 
should represent 4, when w= 0, or that the form 0+0+40+... which follows 4. should =o. 
If 4, 4,, &e. be all positive, and if the series be always divergent, however small a may be, 
it is obvious that where the preceding represents a function of complete continuity, we may 

cc2 
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look for its value at w=0, from the limit of 4,—4,v + 4,a°-... as well as from that of 
A,+4,a +... Accordingly, when there is continuity, all the presumptions of superior safety 
which the alternating series presents may be applied to this intermediate case. 


SECTION V. 


On Double Infinite Series, in which the Terms are infinitely continued in both 
Directions. 


One look at the series 


+ p(w — 3) +p(v-2)+ O(@-1l)h+ put per 1) + p(@7+2)+P(w7+3) +... 
will show that, whenever it can represent a definite function of 2, which preserves its properties for 
different values of #, it must be a solution of the equation /(#+1)=.)2. Various modes of 
proof, applicable however only to functions and processes of complete continuity, show that, in 
all cases to which those proofs apply, the representation of the above is simply 0, or rather 


b] 
ee ap a ae haa 
limiting form 0+0+4+0+..., so that, if not always =0, the warning given in another part of this 
paper is confirmed. Throughout this section, let Spa stand for a double series of the above form. 
For pa write px.a* and divide by a* which gives ... + G(w—-—1)a7'+Pr+p(wt1) a+... 
Now 


0) ’ F ‘ 0 : ; ; 
——, either 0, or, in particular cases, a And certainly, in all cases, it can be reduced to the 


my 


1 a ; ata gv a+4a0+a pe 
‘ w+). Jee = ° 
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in which it need only be noted here that the numerators of the functions of @ all read backwards 
and forwards the same in their coefficients. Now by the same rule 


1 a n 
$(-2)- Go (a) 


l-a 
change w into —@ in the last, and a into a~', add the result to the preceding equation, and 
substract ga, which gives S (paw.a") =a" (0+0+0+4 .-.). Again, taking the ealculus of 
operations, let Epa = (a + 1), then, of all perfectly continuous answers, #~'qw« must mean 
p(a—1). The whole operation performed upon @a in S@wis...+H-'+ Hh + E+... or 
Ist 1 

a aI seer ak 
possible, it does not follow that E~"p@a always signifies p(w —m). For if we were to assume, 
for instance 


p(-®)+(-27-1).44+...= 


or 0. But it must not be forgotten that, in cases in which discontinuity is 


in oy er 7 = sin (a—a) v 
E pa=g(e-3)+ (+ f= dv) ya 

we should be justified by the result E* E~* x= wx, whenever a — (a + 3) is negative, though 

when a — « is positive, the preceding would not be the same as @ (w — 3). 

This is an important point, not only in reference to the calculus of operations, but to every 
case in which inverse operations are employed. There is, I am well aware, among mathematicians, 
something like a disinclination to provide beforehand for discontinuity, which first showed itself in 
the struggle against admitting discontinuous functions into the solution of partial differential 
equations. But it should be remembered that, in our time, trigonometrical series of the most 
continuous form have been shown to represent functions of the most capricious discontinuity. A 


Mr. DE MORGAN, ON DIVERGENT SERIES. 199 


mathematician has lately amused himself with preserving the first part of the air of ‘God save the 
King’ for posterity by means of a case of Fourier’s integral ; and any one who has studied the pro- 
perties of the series A cosa + Bcos2a +... knows that a sturdy computer, who is not afraid of the 
method of quadratures, might hand down the means of recovering the profile of his own face from 
its equation: and that in a form which no analyst could tell at sight from the equation of a circle, 
a parabola, or some other continuous curve. Nor is such discontinuity a mere possibility : it is 
constantly occurring in the higher branches of mathematics, and iis detection and treatment forms 
the most distinctive feature of the most recent school. Surely then it is time to pay attention at the 
outset of every plan of investigation to the possibility of the occurrence of discontinuity in inverse 
operations. 

I do not see how absolute error is to be avoided without such a precaution. Defining 
Eg as p(#+1), nothing is clearer than the right to use the symbol F, and those derived from it, 
algebraically : all the fundamental symbolic definitions are satisfied by it. If we are to assume, as 
of necessity, that E~"@a can be nothing but @(w—x), the symbol S@a must represent 0, as 
shown: and experience points out that it actually does so in every case in which there is no 
discontinuity. But in certain cases, as I shall show, S@w does not represent 0, but another 
solution of yy (7+ 1) =a: there is then some flaw in the demonstration, which I take to be the 
assumption without reserve of E~"pa = p(w —n). 

I might give other ways of expressing S@a, all ending in the same result, that, unless some 
special mode of introducing and allowing for discontinuity be adopted, it represents 0. But this 
paper is already too long, and I therefore pass on to some cases in which it does not represent 0. 

Let us consider the series, 
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which is both ways convergent. We have the two following results, 
Afi gtiedde et A ——> sin ody = —>___ 
6 1+ (b+ ke)’ a 1 + (b— ke)?’ 
that one being taken in which e° is raised to a negative power. Let 6 lie between me and 
(m+ 1)e: then we have 
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in which integration is performed on convergent series only. Hence, 


1 $a Cede ts ee (G0) OD © Ayer) Bra er tre—te 
= sin vdv = of —— sin vdv, 


S————_ = 
einer +o 1 -—e€ 


where m'=m +4. Now mc — 6 is numerically less than Le; and pee has shown (see my 


‘ Differential Calculus,’ page 669) that if g be not greater than h, 
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is the value of the series, which is, as it should be, a solution of \) (6 +c) = We. 
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Before showing some consequences of this and similar results which will be interesting as 
extensions of known theorems, I proceed to verify my assertion that this series, being double, 
and not =0, will show signs of discontinuity. Let us consider the series 


is Oro? ace 2Qc)r 


io a 7 or Te = 2 
y 1+6 1+(b6+c)* 14+ (6+ 2c)’ 
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which is convergent when ea is 0 or negative. This series is a solution of 
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There is nothing in this result, as long as the final value of x is negative, to hinder the 
computer from finding the value of y by the method of quadratures, and comparing it with the 
result of the convergent series. And even when w =0, the part of the first integral which comes 
from between w = —a and a =0, a being infinitely small; is rendered evanescent by the factor 
sin 2, as special examination will show. If then we make # = 0, and if we venture to change the 


E -1 
sign of c, and put the two results together, we have, remembering that the term (1 + 6°) occurs 
twice, 
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a false result, but agreeing with the theorem already discussed, and which I think may now 
be described as follows. The double series S@w is, if its two sides be perfectly continuous, = 0: 
and any method which proceeds by neglecting discontinuity will end in Sw = 0, true or false. 

But perhaps it may not be evident at once why I say we have neglected discontinuity in the 
preceding process : if so, the following explanation will be necessary. 

A continuous equation is one in which the two sides are algebraical equivalents, that is, 
in which the right to use the sign of equality is independent of the value of any letter or letters. 
If this right be destroyed by the passage of any one letter over a given limit, there is obviously 
discontinuity. Now if pa = pa + p(w+1)+.-. bea continuous equation, or if pa = pa + W(a+1) 
be universally true, we may convert it into 


We =—p(a—-1)4+ V(@- 1), or Pa =- d(#- 1) - G(w-2)-...: 
if this be granted, then S@ax=0. Conversely, if Su be not =0, then ~aw= a+... being 
true, Wx = — p(w —1)-... is false. Also, if the assumption of the permanence of any equation 
make Sw =0, then, whenever this last is not true, it follows that such assumption of per- 
manence is erroneous. In the preceding result, we have assumed the permanence of the equation 


Ke sin we’ da 1 1 
= cae Eee Sistate= 
eyed a 1+ 1+(b+e) 


for all values of c. The error of our result is manifest: this permanence then has no existence. 
And the warning is that when ¢ is made negative, we integrate over a diverging series: in 
fact, our process assumes the ordinary development of (1 — e*”)~' when ¢ and ~ are both negative, 
or e*>1, and integrates that development. 

There have been two discontinuities occurring in the preceding; the first dependent upon 
the introduction of m, the second that just considered. The first may be treated as merely 
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incidental to one particular process; we were not bound to Legendre’s integral; and this dis- 
continuity disappears in the result. But the second is essential to the problem; the series 
satisfies a certain differential equation, the complete solution of that equation is ascertained, and 
therefore the series must be represented by its equivalent solution of the equation. No other 
equivalent could have been anything but the one we found, or the same in a different form. 
As matters stand, then, we cannot have a continuous relation between the series and its invelop- 
ment: and this, I will venture to prognosticate, will continue until the definition of integration is 
extended. 

1 if 1 4 1 
Tega” oa CY) a which okiernrar terra 
Proceeding just as before, and, b lying between me and (m + 1)e, we shall find, m’ being m+4, 
as before, 


Let us now try ... — 


1 @ AGS 4) — —(m'c—byv 
Ss —————, = ($1 sf Se ae Bin vd. 
ee (b + pe) ( ) A a ent 
But Legendre has also shown the following, g being not greater than h: 
Tr us 
zy mee lex 
6 ia Ae (c?4—e 7A) sin 22 
oI" = ge i Tr 2h 
if Sapin=TAn sinvdv = — ’ 
e+e Le 2 g 


= == Tr 
eh +e 442cos rs 
Gj 


whence the series in question is 


Se b if ee! ab 
e°—e °)sin m+h——)m e*—e€ °) cos — 
Qa(- 1)” ( ) ( = ¢ Qa ( ) c 
c aray, oes anes en ee xb. 
e¢ +6 © +2008 (2m+1-—)m ec+e ©—2Ccos 
c 7 
which is, as it ought to be, a solution of W/(6+¢)=—-—.,b. Now consider the series, 
e x AG +c)r Aa 2c)r 
y=- = <, + - ... 
Sieh etl wa +(b+c)? 14+(b6+2c)? 
a. : ay e* 
which is a solution of y + a = 
dz l+e 
: © cosa edz -* sinve* da 
whence y = sin w yi ———— — cos@# | -- 
dt OT Lge! l+e 


on which may be repeated all the remarks on the preceding case. But in this case, when ec = 0, 
the value of y gives, as it should do, }¢’*(1 + b*)~. 

The danger of integrating over a diverging series is thus shown to be incident to alternating 
as well as progressing series. It cannot be denied that Poisson has separated the only case in 
which integration can be used with some freedom and safety on non-arithmetical series: namely, 
the finitely diverging series which lies between the convergent and divergent cases. | Whether 
the freedom is entire and the safety absolute is more than can be determined at present : 
unacquainted as we are with all the varieties of the discontinuity which appears in limiting cases 
of integration, as now understood. On this point, I must refer to the preceding part of this 
paper. 

With regard to the alternating double series + A_,a@~°— A_,a~'+ A,— 4,v + Apa*—... we 
now learn that, whenever complete continuity exists, 4,—- A,a+..., wv being infinite, must have 
the same value as A_,a~'- 4_,v7~*+... when 2~' is nothing; that is, must vanish, generally 


3? 
speaking. This observed tendency of 4,—- 4,2 +... has been already noticed. 


202 Mr. DE MORGAN, ON DIVERGENT SERIES. 


I now take some results of the two series here discussed which are interesting in the way of 
verification and extension, though not illustrative of the points on which I am specially writing. If 
for b and e we write 6 : a and c: a, we have 


we ae b 
2ra _7 (e Cr é ©) COs 
1 rn QA AG Ss’ 1 Qa 
2 3 > 2a 27a i) 2 a 2ra 27a 
a’+(b+pe G0. Nama 2b a’ + (b+ pe) ac Qarb 
( uy ) Gime +e — 2cos P e° +e S — Deny = 


ce 


Make a = 0, c = 1, and we have 


itd gay + : ele : + : + 
= SO (PS2)20 G2)? eas (O/C Fe), a 


7 2 b 1 1 8 1 4 1 
‘S) ne ase Fae (SLs wie (aye base)? 


(1) sda ( 7 ¥, 1 i 1 il 1 ‘ 1 = 
[n db’ = Beg aly CE) tet (ent aka ge ES eee SRE ae 


(- 1)? ad" ( 7 } 1 1 : 1 1 a 1 
Tn do-"|\sinwb/f °° *@-2)) G-1" & +r Ore 
T 1 1 1 1 1 


SEE cc bese EL Menon ee Bee 


Lees 


If we had commenced with {(6+pc)?—1{ ', and had used the formula es eV" sin vdv 
= (1 — m’)~+, which Poisson would have admitted as a limiting form of slice ei -ktmv/—l sin udu, we 
should have seen in the final result a right to substitute ae 1 for a in the preceding formule ; 
giving 


. 27a . wa ab 
sine——— sin — cos — 
1 T ce ; 1 Qa c c 
(b+pe)>-a@ ca Qra Qxb (b+pe)?-a ac Ira Qrb 
cos)——— cos ——= cos = "cos 
c c c ce 


Various formule might be obtained by differentiating these with respect to a, 6, or c; and 
various others by integration, one set of which is remarkable. Multiply the two first equations 
severally by ada, and it will be seen that the second sides become integrable: integrate from a = 0, 
and make the antilogarithmic change, which gives the following continued products, of which the 
well-known formule for the sine and cosine are particular cases. 


2ra Qra 9 
a 3 2 @ a(ec te ©)- eee 

3 (: | (1+5) (1 ea) (1 + uray) ee — 
1 — cos —— 

ee (+57) (1 +) a Liga ieey ios i poe 

(b — 2c)? ? OF 202). hag Gus c 

nee € + — € + =< eae Wer + eae) + bop 1 state 

(b — c)? (6 +c)? a c c 


the second of which is readily deducible from the first. It is needless to write down the forms 
arising from the substitution of a / —1 for a. 
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From what precedes, we are warned to expect some discontinuity arising in the treatment of 
any series @(v)+P(w+1)+... if P(~+n)=p(w@—n), unless that series be an analytical 


re : nae Cr 
equivalent of 0. And even in this latter case, it is to be remembered that — is the real form, and 
x 


that when yw = 0, there may arise cases of exception in which the series represents a finite quantity, 
and even infinity. This particular point has been so beautifully illustrated by Poisson, in his 
treatment of the series } + cos @ + cos26 + ... that nothing is left for any one else to say, at 
present. 

In mentioning once more the name of this distinguished analyst, I may state that the point in 
which I have freely ventured to question his judgment is not as to the wisdom of the course he 
took, in rejecting divergency from the integral calculus as he found it, but as to the grounds on 
which he asserted a final and fundamental difference between what he adopted and what he rejected. 


A. DE MORGAN. 


University Con.ece, Lonpon, 
January 15, 1843. 


ADDITIONS. 


Page 192, line 8. Ir is not asserted that cos* © + sin? ¢ = 0, for the mean yalue of each of the 
terms is , and cos’ © + sin?c=1. Many errors may be made by forgetting that @ sin x (w= & ) 


or @ (0) is not the mean value of @ sin a, but Wh p (sin v) dw + 27. 
0 


Page 201, last four lines. If it should seem for a moment that this reasoning would apply 
equally to 4,+ A,a+... and — 4_,a-! — A_,w~* — .,., remember that the theorem in Section IV 
(to which the exceptions are only occasional) shows that 4_,a~'— A_,aw-*+.., lies between 
A_,x~' and 4_,v~'- A_,@~* when @ is great: but that we have no such argument from which to 
‘infer the comminuence of — 4_, w~'— A_,a~*—... and a. Still however, the equality of this 
‘ last to 4,+ 4, +..., when there is no discontinuity, would enable us to predict the very large 
number of cases in which 4, + 4, x +... is infinite and negative when 2 is infinite and positive. 


VoraVlbi, Pan weil, Dob 


XVI. On the Method of Least Squares. By R. L. Exuis, Ese., M.A., Fellow of 
the Cambridge Philosophical Society. 


[Read March 4, 1844.] 


Tue importance attached to the method of least squares is evident from the attention it has 
received from some of the most distinguished mathematicians of the present century, and from the 
variety of ways in which it has been discussed. 

Something, however, remains to be done—namely, to bring the different modes in which the 
subject has been presented into juxta-position, so that the relations which they bear to one another 
may be clearly apprehended. For there is an essential difference between the way in which the 
rule of least squares has been demonstrated by Gauss, and that which was pursued by Laplace. 
The former of these mathematicians has in fact given two different demonstrations of the method, 
founded on quite distinct principles. The first of these demonstrations is contained in the Theoria 
Motits, and is that which is followed by Encke in a paper of which a translation appeared in the 
Scientific Memoirs. At a later period Gauss returned to the subject, and subsequently to the 
publication of Laplace’s investigation gave his second demonstration in the T’heoria Combinationis 
Observationum. 

The subject has been also discussed by Poisson in the Connaissance des Tems for 1827, and by 
several other French writers. Poisson’s analysis is founded on the same principle as Laplace’s: it is 
more general, and perhaps simpler. It is not, however, my intention to dwell upon mere differences 
in the mathematical part of the enquiry. 

The consequence of the variety of principles which have been made use of by different writers 
has naturally been to produce some perplexity as to the true foundation of the method. As the 
results of all the investigations coincided, it was natural to suppose that the principles on which 
they were founded were essentially the same. Thus Mr. Ivory conceived that if Laplace arrived at 
the same result as Gauss, it was because in the process of approximation he had introduced an 
assumption which reduced his hypothesis to that on which Gauss proceeded: In this I think 
Mr. Ivory was certainly mistaken; it is at any rate not difficult to show that he had misunderstood. 
some part at least of Laplace’s reasoning: but that so good a mathematician could have come to the 
conclusion to which he was led, shows at once both the difficulty of the analytical part of the 
inquiry, and also the obscurity of the principles on which it rests. Again, a recent writer on the 
Theory of Probabilities has adopted Poisson’s investigation, which, as I have said, is the development 
of Laplace’s, and which proves in the most general manner the superiority of the rule of least 
squares, whatever be the law of probability of error, provided equal positive and negative errors are 
equally probable. But in a subsequent chapter we find that he coincides in Mr. Ivory’s conclusion, 
that the method of least squares is not established by the theory of probabilities, unless we assume 
one particular law of probability of error. 

These two results are irreconcilable; either Poisson or Mr. Ivory must be wrong. The latter 
indeed expressed his dissent from all that had been done by the French mathematicians on the 
subject, and in a series of papers in the Philosophical Magazine gave several demonstrations of 
the method of least squares, which he conceived ought not to be derived from the theory of pro- 
babilities. In this conclusion I cannot coincide; nor do I think Mr. Ivory’s reasoning at all 
satisfactory. 
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From this imperfect sketch of the history of the subject, we perceive that the methods which 
have been pursued may be thus classified. 
(1). Gauss’s method in the T’heoria Motis, which is followed and developed by Encke and 
other German writers. 
(2). That of Laplace and Poisson. 
(8). Gauss’s second method. 
(4). Those of Mr. Ivory. 
I proceed to consider these separately, and in detail. 
For the analysis of Laplace and Poisson, I have substituted another, founded on what is 
generally known as Fourier’s theorem, having been first given by him in the Théorie de la Chaleur. 
Tt will be seen that the mathematical difficulty is greatly diminished by the change. 


GAUSS’S FIRST METHOD. 


This method is founded on the assumption that in a series of direct observations, of the same 
quantity or magnitude, the arithmetical mean gives the most probable result. This seems so 
natural a postulate that no one would at first refuse to assent to it. For it has been the universal 
practice of mankind to take the arithmetical mean of any series of equally good direct observations, 
and to employ the result as the approximately true value of the magnitude observed. 

The principle of the arithmetical mean seems therefore to be true a@ priori. Undoubtedly the 
conviction that the effect of fortuitous causes will disappear on a long series of trials, is an imme- 
diate consequence of our confidence in the permanence of nature. And this conviction leads to the 
rule of the arithmetical mean, as giving a result which as the number of observations increases sine 
limite, tends to coincide with the true value of the magnitude observed. For let a be this value, 
a the observed value, e the error, then we have 


&e. &e. 


And as on the long run the action of fortuitous causes disappears, and there is no permanent 
cause tending to make the sum of the positive differ from that of the negative errors, Se = 0, 
and therefore 


= (@,- a) =0; 
or, a=-22,; 


which expresses the rule of the arithmetical mean, and which is thus seen to be absolutely true 
ultimately when m increases sine limite. 

In this sense therefore the rule in question is deducible from @ priori considerations. But 
it is to be remarked, that it is not the only rule to which these considerations might lead us, 
For not only is Ze = 0 ultimately, but fe =0, where fe is any function such that fe = — f(-e); 
and therefore we should have 


>f(e — a) =0, 


as an equation which ultimately would give the true value of a when the number of observations in- 

creases sine limite, and which therefore for a finite number of observations may be looked on in 

precisely the same way as the equation which expresses the rule of the arithmetical mean, There is 

no discrepancy between these two results. At the limit they coincide: short of the limit both are 

approximations to the truth. Indeed, we might form some idea how far the action of fortuitous 
DD2 
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causes had disappeared from a given series of observations by assigning different forms to f, 


and comparing the different values thus found for a. 

No satisfactory reason can be assigned why, setting aside mere convenience, the rule of the 
arithmetical mean should be singled out from the other rules which are included in the general 
equation >f(#— a) = 0. 

Let us enquire, therefore, whether there is any sufficient reason for saying that the rule of 
the arithmetical mean gives the most probable value of the unknown magnitude. In the first 
place, it is only one rule out of many among which it has no prerogative but that of being 
in practice more convenient than any other: in the second place, if this were not so, it would 
not follow that in the accurate sense of the words it gave the most probable result. ‘This 
objection I shall defer for a moment, and proceed to consider the manner in which Gauss makes 
use of the postulate on which his method is founded. 

From the first principles of what is called the theory of probabilities @ posteriori, it appears 
that the most probable value which can be assigned to the magnitude which our observations are 
intended to determine, is that which shall make the a priori probability of the observed phe- 
nomena a maximum. That is to say, if a be the true value sought, 2, being the value observed 
at the first observation, 2, the corresponding quantity for the second, and so on, the errors at 
the first, second, &c. observation must be #,— 4a, #,— a, &c., respectively; and if me.de be the 
probability of an error ¢ in any observation of the series, the quantity which is to be made a 


maximum for a is proportional to 
p (a - 4) Pp (@-4)--. P(%,- 2). 
Equating to zero the differential of this with respect to a, we find 


Pp (%- a) YP (z,- a) yc 
AT CREE VI aie vant Ca) at 


‘ 
as the equation for determining @ in wv Let Gres Wy, then it becomes 


=i W (@ - a) =0. 
Now we have assumed that the most probable value of a is given by the equation 
Di (w — a) =0: 
and it is impossible to make these equations generally coincident, without assuming that 
We =me, m being any constant ; 
, 
€ 
hence ug = me, 
pe 
and ge = Ceime. 


Now as the error ¢ is necessarily included in the limits — ¢ +, we must have 


Ie d CV2V/ a ; 
€ _—_——— 
= f/m 
C= Ny ie 
29 
or if we adopt the usual notation, and replace m by 2h’, 


Cc h a h 
eres as aka! 
Katee Pe Vr 
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Consequently, we are thus led to adopt one particular law of probability of error as alone 
congruent with the rule of the arithmetical mean. 

But, in fact, we are perfectly sure that in different classes of observations the law of proba- 
bility of error must vary, and we have no direct proof that in any class it coincides with the 
form assigned to it. Therefore one of two things must be true, either the rule of the arith- 
metical mean rests on a mere illusory prejudice, or, if it has a valid foundation, the reasoning 
now stated must be incorrect. Either alternative is opposed to Gauss’s investigation. For the 
reasons already given, we are, I think, led to adopt the latter, and then the question arises, wherein 
does the incorrectness of the reasoning reside? It resides in the ambiguity of the words most 
probable. For let us consider what they imply in the theory of probabilities @ posteriori. 

Suppose there were m different magnitudes a, a....4@,, and that each of these were observed 
m times in succession. Let this process be repeated p times, p being a large number which 
increases sine limite. Thus we shall have pm sets of observations each containing observations. 

Of these a certain number £ will coincide with the set of observations supposed to be actually 
under discussion ; and we shall have the equation. 


ki ¥k, + ... k= K:? 


where k is that portion of K which is derived from observations of a,. 

Then, ultimately, the most probable value which the given series of observations leads us to 
assign toa, is (supposing a is susceptible only of the values a, a,...a,) equal to a,, r being 
such that the corresponding quantity &, is the maximum value of k. 

To make the case now stated entirely coincident with the one which we are in the habit of 
considering, we have only to suppose (making m infinite) that the series of magnitudes 
@, .-- Gm includes all possible magnitudes from — © to+@. 

Now from this statement, it is clear there is no reason for supposing that because the 
arithmetical mean would give the true result if the number of observations were increased 
sine limite, it must give the most probable result the number of observations being finite. 

The two notions are heterogeneous: the conditions implied by the one may be fulfilled 
without introducing those required by the other: and we have already seen that by losing sight 
of this distinction, we are led to the inadmissible conclusion, that a principle recognised as true 
a priori necessarily implies a result, viz. the universal existence of a special law of error, not only 
not true @ priori, but not true at all. 

Having stated what seem to me to be the objections in point of logical accuracy to this 
mode of considering the subject, I will briefly point out the manner in which, from the law of 
.error already obtained, the method of least squares is to be deduced. 

Let 


€& = a0 + by + &e. — Vy 
&e. = &e. \ 
€, = a,0+ b,y + &e. — JV, 


6 = a,0+by + &e. - V, |] 


be the system of equations of condition, which are to be combined together so as to give the 
values of 2, y, &c. The error committed at the first observation is e,, at the second ¢,, and 
so on; each observation corresponding to an equation of condition. 

The probability of the concurrence of all these errors is, (according to the law of error 
already arrived at) proportional to 


e= 2 [ (a,x +b, y+ &e. — Vil + (aor + boy + — Va? + SEA! 


and it is to be made a maximum by the most probable values of «x, y, &c. These values will 
therefore make 
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(aa + by + &e. — Vi)? + (aaa + doy + 2. — Ve)? + -00e, 
a minimum: thas is to say, they will make the sum of the squares of errors a minimum. 
Hence the method of least squares. The conditions of the minimum give the linear equations: 
wv ta + y dab + &e.= TaV 
vdab + yb? + &e. 
&e. = &c: 

in which system there are always the same number of equations as there are unknown quantities 
to be determined. 


The next investigation of the principle of the method of least squares which I shall attempt 
to analyze is that of Laplace. 


ll 
M 
i] 
= 
a 
@ 
Sa 


LAPLACE’S DEMONSTRATION. 


If, in order to determine w from the equations of condition stated in the last paragraph, we 
multiply the first by ja, the second by po, &e., and add: (4, w:, &e. fulfilling the conditions 


Dua=1, Dub=0, Ke. = 0) 
we find 2 = av = Sues 


and if we assume that Spe is equal to zero, then the resulting value of # is SaV: the error 
of this determination being the quantity Xe, which we have assumed to be equal to zero, 
without knowing whether it really is so or not. 

Now supposing there are ” equations of condition, and p quantities to be determined, and 
that » is greater than p, then we see that there are m factors pyy My--. Mn and p conditions for 
them to fulfil. They may therefore be subjected to »—~p additional conditions. 

This being premised, let us consider the probability that the quantity =e will not be less 
than a, or greater than 3, a and 8 being any quantities whatever. 'The law of probability of 
error at each observation being given, the question is evidently analogous to the common problem 
of finding the chance, that with a given set of dice the number of points thrown shall not 
be less than one given number or greater than another. 

We may therefore suppose that the probability in question has been determined: call it P. 
Suppose also that we have taken a= —J/ and 3=J, / being any positive quantity. 

Then P is a function of /, and of «y...1,- 

Let us now so determine p,...4,, (subject to the conditions already specified,) that P may be a 
maximum. When this is done, it follows that there is a greater probability that the error in our 
determination of w, viz. Se, lies within the limits + /, than if we had made use of any other set of 
factors whatever. 

On this principle Laplace determines what he calls the most advantageous system of factors. 

It does not follow that the value thus obtained for w is the most probable value that could be 
assigned for it. But if we consider a large number of sets of observations, (the quantities a, b, &e. 
being the same for all) then the error which we commit by using Laplace’s factors will in a greater 
proportion of cases lie between + /, than if we had used any other system of factors. 

The investigation has reference merely to the different ways in which by the method of factors 
a given set of linear equations may be solved. 


We now enter on the analysis requisite to determine P. 
Let the probability that Xue will be precisely equal to vw, bepdw. Then manifestly 


P= [*\pdu; 


and we have therefore only to determine p. 
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Let €, €2...¢, be the errors which occur at the first second &c. observation ; @, ¢, d €:; 2 62d €2... 
,€,4¢, be the probabilities of their occurrence: the form of the function @ determining the law of 
probability of error, which, for greater generality, we suppose different at each observation. The 
probability of the concurrence of these errors is of course 


Di Palae WP ee OG nnn C6, wataneicnwcoe unssccsrcgnspiace serpent iys 


and the first principles of the theory of probabilities show that the value of pdw will be obtained by 
integrating (1), €,...e, being subjected to the condition Sue = w. 


Thus 
Rte Nase, Deaton e Ge Cr Ee one OE" wimax ecwiin cies sonndendessdne<serss (2) 
with the relation 


My €; + Me €y-0-+ ME, = U 


Consequently 
n U — [hy Oooo — M1 © 
pdu = de, | prer---sr6,-1 Py denned, Sch aaes (3). 
n 

Now by Fourier’s theorem 

U — f\€, — oes — 6.7 1 ie ae Ub — [€) — oe. — = \ 
?, My €) My_-1 €n-1 a i da f pe, wie (a (16) Z M,-1€,-1 Mn€n )de 3 

SS ——— .? 

By Us = \ MK, 


which, replacing Se by a, becomes 
Mh 


n 


uM --) +2 
=a da f pe, cosa(u— Xue) de, 
a, ey 


Therefore 
+2 + 


ude, 7> ag : 
pdu = = da if dé, ..- f de, Pig --- P,€, COS a (U — Spe) .......2. (4). 


e -= -= 
Now if w and e, are to vary together 


du =,de,, and therefore 


1 ° += +2 
p =-f da die de, ... a de, Pei --- P,€, COS a (U — Spe) ........ sere (5). 
And finally, 
1 I 2 2 2 
Bae aw f da ‘i dey f° da hin 0. te. cosa (u = Sic) e.0 e (6). 


Now let us suppose that equal positive and negative errors are equally probable. In this case 
pe = p (— «), and consequently, 


N iste ge sin anede = 0. 
Hence (6) will become 


2 z 2 +a +a 
P= — du f cos auda g Pie, COS ape, de)... f; Px €, COS ap, €, Le, serves so(9e 
T 0 0 —-2 —2 
The next step is to find an approximate value of this expression. 
+2 + 
When a=0 je Pecos auede = [2 pede =1, 


as the error e« must have some value lying between +. 
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It is clear this is the greatest value the integral in question can have, and therefore as ” increases 
sine limite, the continued product 


+0 +n 
ee 1 €) COS py, ae, de, ... Yee Pr€n COS p,a€, de, 


decreases sine limite, (being the product of m factors each less than unity) except for values of a 
differing infinitesimally from zero. 


Let k° = [e.ede, KA = fy pe-ede, 


and develope each of the cosines in the above-written continued product. It is thus seen to be 
equal to 


1—a’ Suk’ + a! (= Suict + Dui whe Ks) — &e. 
Again, m being very large and ultimately infinite, it is evident that Zu‘«' is of the same 
order of magnitude as m, while Sy? «3 k? k3 is of the order of n”, the former term of the coefficient 
of a‘ may therefore be neglected in comparison with the latter, which again may be replaced by 
2(2° k*)’, from which it differs by a quantity of the order of m. Similar remarks apply with 
respect to the higher powers of a. 
Thus the continued product may be replaced by 


1 2 1 2 1 
1— aS p?k? + a’ (Suk)? ems a® (Zp k’)’ + &e. 


or by e-**""; a function which is coincident with it when a is infinitesimal. When a is finite 
both are, as we have seen, infinitesimal. 
Consequently, 


Z @ 2342 
== f du [ CONG OG «Or hs noleasdeceasiess(G)s 


T vo 0 
or 
l 
PBR cad vem, 219), 
0 


ue 
42 dy = 


2 
Ves 
uU=2 (Sp7h?)? v. 


It is evident, that whatever 7 may be, this expression for P is a maximum when 


1 Z 
pS =a 
eens J, ‘ 


where we have supposed 


=k is a minimum. 
Hence we get the following remarkable conclusion: When the number of observations increases 
sine limite the most advantageous system of factors are those which make 

wk? a minimum, 
It remains to determine » from the condition of the minimum taken in connexion with those 
already stated, viz. Sua=1, Sub=0, &c.=0. We have 


aes 
SEE Ot ea 
Tbdu aA 

&e. =0 


Let dj, Az... A, be indeterminate factors, then we may put 
ki wy = 4A, + 0A, + &e. 
Wes [ig = 10g Nyt Og Ng 4 ee accent ees ees (B). 
&e. = &c. 
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From the m equations (B) we deduce a new system of p equations. To obtain the first of these, 
a, 


a 
we multiply equations (B) by ee? ae &c. respectively, and add the results. For the second, we 
1, 2 


b, b 
a &c., the factors 7 ; ie &e. and then proceed as before. And 
1 1 


2 


employ instead of the factors 
similarly for the others. 
In consequence of the relations 
Sua=1, Sub=0, &c. =0, 
the new system of equations will be 
ia ab 
1 ='M2Gt de Be + &e. 
ab ty ee eet (C). 
OAD etMZG + &e. | 
0 = &e. 
These p equations determine ),, Az... A, and thus in virtue of (B) the values of u,, uo... uy 
become known. Finally as 
oe 


nén 


D= py VA ata Me Vo+ coe HM 
x will be completely determined. 
Now let us recur to the original equations of condition stated in the last paragraph. 
e =av+bhy+ &e. —V, 
Peeesics. 
&e. = &e. 
6, =a,0+b,y + &e. -— V, 


From this system we deduce a new one, containing p equations. ‘The first of these is got by 


a, My : z 
multiplying equations (a) by Pe 7? &e., and adding the results: the second by using the factors 
‘1 2 
Bt ree: and before. TI Iting sy ‘ill be, neglecting all 
rey &e,: and so on as before. he resulting system will be, neglecting all errors, 
1 2 
; ab a 
Des r—3+k&.==2=—V 
arya 78 ie 
ab b? ely cre ae |< oe 
re = == ke = > = V 
Pe ge oe 
&e. = &c. 


The system (8') contains as many equations as there are unknown quantities 2, y, &c. I pro- 
ceed to show that if w be determined from this system, its value will be the same as if it had 
been obtained from the most advantageous system of factors, namely, that which is determined 
by means of (B) and (C). In order to prove this, we multiply equations (@’) by d,, A,, &e.. 
and add the results. Then, in virtue of (C) 

a 
RB 
Vor Vili barn Ws Er 


b 
v= ),>2 V+ A272, + &e. 
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oO V V, 
r w= (Aa + dob + &e) Fy + Oy te + As by + Be.) FS + Be. 


that is to say, as is seen on referring to (B), 
v= py 7 + Me Vis +... + By Vass 


as before; which proves that the system (B’) gives the same value for # as the most advantageous 
system of factors. Moreover, as (/3’) is symmetrical in # and a, y and b, &c. it is clear that it 
will also give the most advantageous values for y and the other unknown quantities. 

When the law of probability of error is the same at every observation k, = k, = &c. and ((3’) 
reduces itself to (3) given at p. 208 as the result of the method of least squares. In the general 
case, it expresses the modification which the method of least squares must undergo, when all 
the observations are not of the same kind, namely, that instead of making the function 
= (aw + by + &c. — V)? a minimum with respect to wy, &c., we must substitute for it the 


function ee (ax + by + &e. — V)’, and then proceed as before. 


Such, in effect, is Laplace’s demonstration, except that he supposed the law of error the 
same at each observation. The form in which I have presented it is wholly unlike his. The 
introduction of Fourier’s theorem enables us to avoid the theory of combinations, and also the 
use of imaginary symbols. It must be admitted that there are few mathematical investigations 
less inviting than the fourth chapter of the 7'héorie des Probabilités, which is that in which the 
method of least squares is proved. 

It may be worth while to recur to the general formula: 


+a 


a [a (el de, P; € «+P, €, CoS a (Uw — Spe). 
-1 —a 


It is certain that Se lies between the limits £ «. Therefore when] = ©, P should be 
equal to unity. I proceed to show that this is the case. 
+o 


Ps = a fve-me du ie da fae, eis f de, i € woe Dn €, COS a (U — Spe) 


rTJ_o» hess 
when m = 0. 
Effecting the integration for w, 


i.) 


1 ae ges fico 
Sl da f de, os. i de, Pi; ++» Pr€, COS G Tye ... (10) 
m/ a J, 


—7 —2 


ipa 


ao 
when m= 0, 
since 


ane = m2 u2 Va - oe 
i e cosaudu = C= a 


m 
and f e-~”” sin audu = 0. 


Integrating for a, we see that when m = 0 


te +o aa 
| de}... Hf devpyer se Gieren 7°01: 


—@ —D 


Or, 
+@ atm 
Pao pierde,-- | COR HU GAesclodanpa osdioch | Wi) 


and as each of these integrals is separately equal to unity, 
P_=1, which was to be proved. 
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I proceed to show that in a particular case in which the value of P can be accurately 
determined, Laplace’s approximation is correct. It has sometimes been thought that the intro- 
duction of the negative exponential involves a petitio principii, and is equivalent to assuming a 
particular law of error. It is therefore desirable, and I am not aware that it has hitherto ben 
done, to verify his result in an individual case. 

Let the law of error be the same in all the observations, and such that pe= de, the upper 
sign to be taken when € is positive. 


Let np, = uw, = &c.=1, then 


p= ~f4 oe (de*")de,. of ats GE@idiex ooo — Ye), 


— 2 


or, 


1 * Cos tva O | Rare 1 
p=-— ua da, since Hf e-“ cos aede = - =f 
0 (1+ an a‘) 0 ee 


The value of p is thus given by a known definite integral, which has been discussed by M. Catalan 
in the fifth volume of Liowville’s Journal. 


It may be developed in a series of powers of w. Up to «*~") no odd power of « can appear 
a2 

in this development, for ie Gay da is finite while p is less than m, and therefore the integral 

may be developed by Maclaurin’s theorem. For higher powers the method ceases to be applicable, 

and we must complete the development by other means. But as we suppose m to increase s. /. the 


integral tends to become developable in a series of even powers only of w. Thus 


>» COS Ua ca da pw ae 
ia 2 da = ae ar - 40 aay 9 l Ke. 
Jo (@ez ant - if (Qa) ; p (1 +ary a 
w da 
Let an = : 
4 i (1 + a’)” Fm) 
2 ada 
Th —.— = —- Af(n - 1); 
en i aQ+ay Af(n ) 


and generally 


ca a’’da 
f w= = AP (n - p). 


0 (1 + a*)" 
Now 
we Ss 2n-—8 
y= ——_—_——— : 
F(n) 2 2.4...2n —2” 
T 3...2% —5 
SEN ACO ES 2.4...2n =en 
reo 2n—-—7 
2 DP, —= BD ane = ‘ oa 
A?f(n — 2) ROE See 
and generally, 
wr 1.s 2n—-3—2p Ps —— 
= APf(n —p)=—- Sa apple 1.3...2p—1 
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Thus 


(223 fn 1 1 24 1 1.3 , 
——— = fn —/ 5 UW ae os . 
| Gta" Bear creme warren) 


The coefficient of 27? is 


1.3...2p—1 1 
2) eee eee 
2.3,..2p 2n—-1-—2p,..2n — 3 


or, 
] 1 1 


1.2,..p. 2? 9n—1—2p,..2n—3 


fn 


Let 2 become infinite, this becomes 

1 1 
) ————— 
f(n) Gny 


1.2...p 
and we have only to determine what f(n) then becomes. 
Now by Wallis’s theorem 


= —____——_.. ult. 
2). 4...22 —2 


(2) 1.3,..(2m — 1)3 


at 


1 27 \? o. “ 
Therefore fn ( ) when m is infinite, 


2 2n—1 
1 /r 2 
care) 
Consequently, 
ecosuada 1 [m\3 uel wt 
pees eo (2) i -242 ee. 
» (l+a’) 2\n 4n 2 (4n)? 
2 2 
1 ([7\? -— Ae 6 
— (=) e *” when 7 is infinite. 
2\n 
Therefore, 
uz 
pesoe™, 
2\/n3 


In the present case “= 1. 


Ke = 1 fr eede =1: and consequently Sp°k*= 7. 
Thus 


1 Cates 
P= — [ in du, as before. 


NIT ~o 


Thus Laplace’s approximation coincides with the result obtained by an independent method. 

This example serves to shew distinctly the nature of the approximation in question. 

The function p having been developed in a series of powers of w, we take the principal term 
in the coefficient of each power of w; that is the term divided by the lowest power of m. We 
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neglect for instance every such term as =u”, because we have a term in u”? divided by n’. 
n 


2p 2(p—8) 


5 : 
Thus we retain aA and neglect , although, unless w be large, the former term is of the same 


or a lower order of magnitude than the latter. That Laplace’s method does in a very general 
manner give an approximation of this kind cannot, I think, be questioned, especially after the 
verification we have just gone through. But some doubt may perhaps remain, whether such an 
approximation to the form of the function P, if such an expression may be used, is also an 
approximation to its numerical value, when we consider that in obtaining it we have neglected 
terms demonstrably larger than those retained. 


For two recognized exceptions to the generality of lLaplace’s investigation, viz. where 


1 1 r 4 Fairey : ; ihe 
ge =- fe and the case in which 4, p9---, decrease in infinitum sine limite, I shall only refer 
€ 


vie 
to p. 10 of Poisson’s paper in the Connaissance des Tems for 1827. Neither affects the general 
argument. We now come to Gauss’s second method, which is given in the Theoria Combinationis 
Observationum. 


GAUSS’S SECOND DEMONSTRATION, 


The connexion between the method of Laplace, and that which Gauss followed in the T’heoria 
Combinationis Observationum, will be readily understood from the following remarks. 

After determining y,...4, by the condition that P should be a minimum, Laplace remarked 
that the same result would have been obtained (viz., that Su?/? must be a minimum), if the 
assumed condition had been that the mean error of the result, i.e. the mean arithmetical value 
of Sue should be a minimum. (I should rather say that he makes a remark equivalent to this, 
and differing from it only in consequence of a difference of notation, &c.) It is in fact easy to see 
that the mean value in question is equal to 


i] 
% updu Zs 
dus BRE: or to af, updu; 
I pdu 
and as - 
u? 
: pe ee 


@ 2 (Sp?k*)' 
2 f upd = C0 


which is of course a minimum when S,u7A? is so. 

Gauss, adopting this way of considering the subject, pointed out that it involved the 
postulate that the importance of the error Ene, i.e. the detriment of which it is the cause, is 
proportional to its arithmetical magnitude. Now, as he observes, the importance of the error 
may be just as well supposed to vary as the square of its magnitude: in fact, it does not, strictly 
speaking, admit of arithmetical evaluation at all. We must assume that it is represented by some 
direct function of its magnitude, such that both vanish together. One assumption is not more 
arbitrary than another. Let us suppose, therefore, that the importance of the error is repre- 
sented by (Spe)*. That is, that (Zue)’ is the function whose mean value is to be made a 
minimum. I now proceed to find it. 


(Se)? = Spire + 2 Dye €) Ey seeveeeee (13). 
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+a 
The mean value of & is i € pede = 2k. 


=i 


Hence, that of Spe? is 2 Sp’ k’. 


The mean value of Sy ,4,¢,e, is zero, positive and negative errors of the same magnitude 
occurring with equal frequency on the long run. 
Consequently, 
mean ofa (Se)? 12 Se we see aces (14); 


and, therefore, as before, Su?k? is to be made a minimum. ‘The rest of the investigation is of 
course the same as that of Laplace. 

Nothing can be simpler or more satisfactory than this demonstration. It is free from all 
analytical difficulty, and applicable whatever be the number of observations, whereas that of 
Laplace requires this number to be very large. 

Recurring to equation (11), differentiating it for m*, and then making m = 0, we find 


pe eres 06 os 1 > 2 272 
ilies pwdu=[ pede... (he pe, de, (Spe) = 2 Suk; 
z =f He 
and as the first member of this equation is evidently the mean value of w* or of (Zpe)’, this is a 
new verification of our analysis. 

As an illustration of Gauss’s principle, let the fourth power of the error be taken as the 
measure of its importance ; 


(2pe)* = Vutec! + 6 Sy," .” ee + terms involving odd powers of e. 
Therefore, 
4 ¢c 44 PPE ah el Rie f 
mean of (Sue) = 2 Spat + 24 Spy? m7 ok, hg ..0s0000- (15) 


and 4, ... “, must be so determined that this may be a minimum. 


I have already said that the results given by what Laplace called the most advantageous 
system of factors are not strictly speaking the most probable of all possible results. 

As the distinction involved in this remark seems to me to be essential to a right apprehension 
of the subject, I will endeavour to illustrate it more fully. 

Recurring to the equations of condition, as given in p. 208, we see that the values Laplace 
assigns to the factors m,; m2: Xec., are independent of V, V, &c. They depend merely on the 
coefficients a 6 &c., which are quantities known ad priori, i.e. before observation has assigned 
certain more or less accurate values to the magnitudes V, V, &c. All we then can say is, that 
if we employ Laplace’s system of factors, and also any other, in a large number of cases (the 
coefficients a b &c., being the same in all) we shall be right within certain limits in a larger 
proportion of cases when the former system of factors is made use of than when we employ the 
latter. And this conclusion is wholly irrespective of the values of V, V. &c., and consequently 
of those which we are led in each particular case to assign to a y &c. The comparison is one 
of methods, and not at all one of results. But when V, V, &c. are known, another way of 
considering any particular case presents itself. We can then compare the probability of different 
results. For, let us consider a large number of sets of equations of condition (in each of which 
not only are a b &c. equal, as in the former case, but also V, V, &c.) The true values of 
the elements w y &c. may be different in each. But in affirming that € » &c., are the most 
probable values of w y &e., we affirm that the true values of w y &c. are more frequently equal 
to € » &c. than to any other quantities whatever. Here we have no concern with the method 
by which the values € 4 &c. were obtained. 'The comparison is merely one of results. 

As for one particular law of error (that considered in p. 206), the results of the method of 
least squares are the most probable possible; and as the function by which this law of error is 
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expressed occurs in Laplace’s demonstration of that method, it has been thought that his ap- 
proximation involved an undue assumption, and that in fact his proof was invalid unless that 
particular law of error was supposed to obtain. 

It is easily seen that the method of least squares can give the most probable results only 
for that law of error (if we except another which involves a discontinuous function). Mr, Ivory 
attempted to shew that Laplace’s conclusions might be applied to prove that the results of the 
method were, in effect, the most probable possible, and thence drew the inference which I have 
already mentioned. After some consideration, I have decided on not entering on an analysis of 
his reasoning, which it would be difficult to make intelligible, without adding too much to the 
length of this communication. It is set forth with a good deal of confidence ; Laplace’s conclusions 
are pronounced invalid on the authority of an indirect argument, and without any examination 
of the process by which he was led to them, I may just mention that in the whole of Mr. 
Ivory’s reasoning, the probability that Sue is precisely equal to any assigned magnitude, is, 
to all appearance at least, considered a finite quantity, though it is perfectly certain that it must 
be infinitesimal. 

It would seem as if he had taken Laplace’s expression of the probability in question, viz. 


ki? 
ce fk at Sm? 


sae \/ = Sm m 


without being aware that in Laplace’s notation Z and a are infinite, and that consequently the 
expression is infinitesimal. (Vide Tilloch’s Magazine, txv. p. 81.) 


Mr. IVORY’S DEMONSTRATIONS. 


They are three in number. Two appeared in the sixty-fifth, and a third in the sixty-seventh 
volumes of Tilloch’s Magazine. 

The aim of all three is the same, namely, to demonstrate the rule of least squares without 
recourse to the theory of probabilities, which appeared to him to be-foreign to the question. The 
grounds of this opinion he has not clearly developed: perhaps the best refutation of it will be 
found in the unsatisfactory character of the demonstrations which he proposed to substitute for 
the methods of Laplace and Poisson. In common with many others, Mr. Ivory appears to have 
looked with some distrust on the results obtained by means of this theory: a not unnatural 
consequence of the extravagant pretensions sometimes advanced on its behalf. 

The first of his demonstrations rests upon what I cannot help considering a vague analogy. 
In the equation of condition 

e=ax—-V, 


he remarks that the influence of the error e on the value of w increases as a decreases, and 
versd vice: that consequently the case is precisely similar to that of a lever which is to produce 
a given effect, as of course the length of the arm must vary inversely as the weight which it 
supports. 

Consequently, he argues, the condition to be fulfilled, in order that the equations of condition 
may be combined in the most advantageous manner, is the same as what would be the condition 
of equilibrium, were a a’ a” &c. weights on a lever, acting at arms e e’ e” &c. This condition 
is of course 

Sae=0, whence =(ax — V)a=0, 


the result given by the method of least squares. 
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But, granting that the influence of an error e, ought to be greater when @ is less, and 
versa vice, how are we entitled to assume that the case is precisely similar to that of equilibrium 
on a lever? Apart from this assumption, there seems to be no reason for inferring that because 
this influence increases as a decreases, it must therefore vary inversely as a. By what function 
of a the influence of e ought to be represented, is the very essence of the question; to deter- 


mine, by introducing the extraneous idea of equilibrium on a lever, that — is the function re- 
a 


quired, seems to be little else than a petitio principii, concealed by a metaphor*. i 

The second demonstration may be thus briefly stated. 

The values of different sets of observations might be compared if we knew the average error in 
each set, or if we knew the average value of the squares of the errors in each, In either case that 
would be the best set of observations in which the quantity taken as the measure of precision was 
the smallest. 

Similarly, by assigning different values to the unknown quantities w, y, &c. involved in a system 
of equations of condition, we can make it appear that the mean of the squares of the errors has a 
greater or less value. Therefore as of sets of observations, that is the best in which this quantity 
is least; so of different sets of results deduced from one set of observations, the same is also true; 
and therefore the sum of the squares of the apparent errors is to be made a minimum. 

There seems to be involved in this reasoning a confusion of two distinct ideas; the precision of 
a set of observations is undoubtedly measured by the average of the errors actwally committed, and 
if we knew this average, we should be able to compare the values of different sets of observations. 
But it is not measured by the average of the calculated errors, namely, those which are determined 
from the equations of condition when particular values have been assigned to a, y, &c. 

The problem to be solved may be stated thus. Given that the single observations of which the 
set is composed are liable to a certain average of error, to combine them so that the resulting values 
of the unknown quantities may be liable to the smallest average of error. 

This problem Laplace and Gauss have both solved, Their solutions differ, because they 
estimated the average error in different manners. 

But how are we justified in assuming that to be the best mode of combining the observations 
which merely gives the appearance of precision not to the final results, but only to the individual 
observations, and which, with reference to them, gives no estimation of the probability that this 
appearance of accuracy is not altogether illusory ? 


The third of Mr. Ivory’s demonstrations is not, I think, more satisfactory than the other two. 

The kind of observations to which the method of least squares is applicable, are such, Mr. Ivory 
observes, that-there exists no bias tending regularly to produce error in one direction, and that the 
error in one case is supposed to have no influence whatever on the error in any other case. 

From this principle he attempts to show that the method of least squares is the only one 
which is consistent with the independence of the errors. 

When, however, we speak of the errors as being independent of one another, only this can 
be meant, that the circumstances under which one observation takes place do not affect the others, 
In rerum natura the errors are independent of one another. Nevertheless, with reference to our 
knowledge they are not so, that is to say, if we know one error we know all, at least in the case 
in which the equations of condition involve only one unknown quantity, which is that considered 
by Mr. Ivory. For the knowledge of one error would imply the knowledge of the true value of 
the unknown quantity, and thence that of all the other errors. 


* Thave omitted to notice some remarks which Mr. Ivory appends to this demonstration, as they do not appear to affect the view 
taken in the text. 
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Mr. Ivory states the following equations of condition: 
e=ax—m 


, , , 
e=aux—-—m 
&e. = &e. 
He thence deduces the following value of a: 
Sae Lam 
ow = ——~ + —,,, and those of e e’ are 
Sane a 
axtam a Xae 
e=—-m+ 3 ; 
> Die 
' , 
; , a@rtam a sae 
e=-™ - &c. = &e 


Sat aaa 
He remarks that these errors are not independent of one another, as all depend on the single 

quantity ae, which may be eliminated between any two of the last-written equations: but 

that there is one case in which they are independent of one another, namely, when we assume 

Sae=0, which of course leads to the method of least squares, and that in this case, as we 

shall have 

a Sam 


>a 


each error is determined by ‘‘the quantities of its own experiment.” But this reasoning is 
perfectly inconclusive. In the case supposed, ee &c. are as much connected together as in 
any other, as may be shown by eliminating Zam between the equations 


e=-—-m+ &e. = &e. 


axtam , , a Sam 
e=—m + — —, @ =—m + ——— &c.= &e.; 

ya >a’ 

J —_— 


and besides, apart from any mathematical reasoning, it is clear that as if we know one error 
we know all, so also if we assign any value to one, we have in effect assigned values to all, 
whether we use the method of least squares or any other. 

Moreover, e is not determined by the quantities of its own experiment alone, since Lam 
involves the results of all the experiments; there is no difference between this and the general 
ease, except that Xae has ceased to appear in the equations. But suppose we multiplied the 
equations of condition by any function of a, we might deduce the following values of « and e: 


rPa.e =pa.m 


var Bawgias La.gpa 

mp Bene axtda.m % axpa-e 
La.pa La.gpa 

: , a Yga.m_ a Xha.e 

sigan Za.ga La.pa_ 


Mr. Ivory’s reasoning would apply word for word as before, and would show that the best 
mode of combining the equations of condition was to employ the factors @a, ma’, &e. whatever be 
the form of g. As it thus would serve to establish, at least apparently, an infinity of contra- 
dictory results, the inference is that in no case has it any validity. 

I have now completed, though in an imperfect manner, the design indicated at the outset of 
this paper, namely, to give an account of the different modes in which the subject has been 
treated, and to simplify the analytical investigations. If I have succeeded in doing this, the pre- 
sent communication may tend to make a very curious subject more accessible than it has hitherto 
been. 


Vor. VIII. Parr If. Fr 


XVII. On the Transport of Erratic Blocks. By Witiiam Hopkins, M.A. 


and F.R.S., Fellow of the Cambridge Philosophical Society, of the Royal 
Astronomical Society, and of the Geological Society. 


[Read April 29, 1844.] 


Tue instability of opinion which usually, and perhaps necessarily, characterizes the earlier 
researches into any new and extended branch of philosophical enquiry, is strongly exemplified 
in the different views which have been entertained respecting the causes to which the transport 
of erratic blocks is to be referred. In the first stages of the enquiry rapid currents of water 
were generally recognized as the most probable agents in these phenomena. No attempt, however, 
was made to calculate the power of this agency, and the theory was associated with hypotheses 
far too extravagant to bear the test of careful investigation. ‘The natural consequence was the 
very general abandonment of the theory on the suggestion of another possible cause of the 
phenomena in question. It was represented that floating ice might have acted as vehicles of 
transport, and many facts were collected, from the reports of those who had visited the colder 
latitudes, confirmative of this opinion. Again, this latter theory has been lately endangered by 
the recognition, on the part of some geologists, of a third theory, which attributes the transport 
of blocks to the sole action of glaciers; a view of the subject which has arisen out of the curious 
and interesting observations recently made on the movements of existing glaciers, and the phe- 
nomena indicating their far greater extension at some preceding geological epoch. 

The entire rejection of any one of these theories would imply a forgetfulness of the fact, 
that geology is, in a peculiar sense, a mixed science, not merely as involving investigations which 
properly belong to widely different branches of physical and natural science, but also as treating 
in some instances of phenomena, (as in the cases of erratic blocks of different kinds, or in different 
localities,) which, while they possess a great community of character, may be referrible to totally 
dissimilar causes. Both glaciers and floating ice are manifestly adequate with respect to their motive 
powers, to produce the phenomena in question. In the following communication I shall investigate the 
transporting powers of currents of water, and shall shew that, under certain conditions, such currents 
would be generated of sufficient velocity for the transport of boulders, and consequently that this 
cause is also adequate to produce the removal of at least a large portion of the boulders which have 
travelled from their original sites; and that, therefore, the theory is not to be rejected on account 
of any apparent inefficiency in the cause of transport assigned by it, or the extravagances which 
have been formerly associated with it. We shall thus, I conceive, be constrained to recognize the 
general adequacy of each of the three causes of transport above mentioned ; and in the further 
examination of the problem it will only remain for the geologist to ascertain, as far as possible, the 
share which each cause has had in producing the actual phenomena of transport by a careful 
comparison of observed facts with the probable results of each mode of transport. Each group 
of erratic blocks, or each mass of transported materials, may present in this respect a separate 
problem; in the present communication I shall only offer on this branch of the subject a few 
general observations, without entering into any discussion of particular examples, beyond what may 
be necessary for the elucidation of general views. 
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SECTION, I: 
Transporting Currents. 


1. Tuese currents may be divided into River Currents, Tidal Currents, Ocean Currents, 
and Elevation Currents. By the latter, I mean those currents which would be produced by the 
more or less sudden elevations of determinate portions of that part of the surface of the earth 
which is covered with water. They are the only currents among those above mentioned of which 
it will here be necessary for me to speak. Currents of this kind are always accompanied by a 
corresponding temporary elevation of the surface of the water, constituting a wave. We are 
indebted to Mr. Russell for all the experimental knowledge we possess of the nature and properties 
of this wave, of the laws of its motion, and of the current which attends it. He has denominated 
it the great wave of translation. The details of his experiments will be found in the Proceedings 
of the British Association. It will only be necessary for me here to state his general results. 


2. Suppose a long canal to be filled with water, and, for the greater simplicity, let it be sup- 
posed to be of uniform width and depth. ‘There are various ways in which a wave of translation 
might be produced in this canal. One of the simplest, and most appropriate for our immediate 
object, would be the swdden elevation of a determinate portion of the bottom of the canal, which 
portion, for distinctness, may be conceived to be about its middle point, and of small extent as 
compared with the length of the canal. Two waves will thus be sent off in opposite directions. 
Each wave will move with uniform velocity, preserving very approximately the same form. Its 
length will depend, in great measure, on that of the portion of the bottom elevated to produce the 
wave. Each particle of water begins to move when the front of the wave reaches the vertical 
transverse section in which the particle is situated, and continues in motion till the wave has passed 
over it, when it is again left at rest. Its motion therefore is not oscillatory, but one of translation 
in the direction of the wave’s motion. Mr. Russell has established experimentally the following 
law of this motion : 

(1) Every particle in the same vertical transverse section of the canal has the same motion. 

He has also established the following law respecting the propagation of the wave: 

(2) The velocity with which the wave is propagated is equal to that due to half the height of 
the crest or highest point of the wave above the bottom of the canal*. 


3. From these laws we easily deduce the expression for the velocity of each particle, i.e. for the 
velocity of the current which accompanies the wave. Let LPN represent the position of a 
longitudinal section of the wave, at the time ¢, and L’P’N’ at the time ¢ + d¢, AB being the bottom 


P 


M M M, B 


of the channel, and CFD the level of the general surface of the water. Let P, be the crest of 
the wave, QP, = h,; P any other point on the surface of the wave at time ¢, P’ the corresponding 


* It should be stated that the experiments and observations by | that the same laws hold, at least approximately, for much greater 
which these laws were established, were made on canals not many | depth, as I have assumed them to do in the application of these 
feet in depth. There appears, however, to be no reasonable doubt investigations to the transport of erratic blocks. 


FF 2 
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point at time ¢ + d¢, and mP=m'P’=h, and M,Q= Mm = H, the depth of the canal, supposed 
uniform. Also let V be the velocity of propagation of the wave; then will LL’=nn'=mm' 
= NN’ = Vot; and let v be the velocity of the current at P, and therefore also (by the first law) 
at every point of the vertical transverse section through P. Also let b be the breadth of the 
canal; the area of the transverse section through P will = (#7 + h) b. 

Now it is manifest that a volume equal to that whose vertical longitudinal section is L Pr L’ (or, 
in the limit LP P’L’) and breadth 6, must have passed through the transverse section MP in the 
time o¢. 

Let this volume =U; then if np=y, 

6U =b.areaqp’ 
=b.pp'.dy 
= bVdt. dy; 
-, UabVASt, 
integrating from y=0 to y=mP=h. 
But by the first law we must have 
U=vb(H +h) dt; 


and therefore equating these values of U, we have 


Also by the second law 


V=Ve( +h); 
bak Ee er  Y ( 
eeVe(H thay 


Vg (H +h) Lines: 
= —-—__—..h = 
i (1 +77) 


If v, be the velocity of the current in the transverse section through the crest of the wave, 


h 
Vv, = V. ey Py [by (1)] 


4. Let us now suppose the wave to diverge from a center; then assuming the breadth 
of the wave to remain constant, and therefore the velocity of propagation (V) to be the same for 
every part of the wave, we shall have 

6U =27p.pp’. oy . 
=2o7 Votpoy, 
where p= Cn, C representing the point from which the wave is diverging. U cannot be found 
generally without knowing the relation between p and y, i.e. without knowing the form of the wave ; 


but if we suppose the space CL (r) through which the wave has diverged to be much greater than 
the breadth (2) of the wave, we shall have approximately p = 7, and therefore 


6U =2rVot.roy, 
and integrating from y=0 to y=mP=h, 
U =2xVrhot. 
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Again, since U is now the volume which passes through the cylindrical surface whose radius 
= Cm(p’) and height = MP (H + h), in time é¢, we must have by the first law 
U =2rp' (H +h) vot 
= 2rr (H +h) vot nearly. 


Equating these values of U we obtain 


h 
OO ea 

hy 
v1,= oF oy 


These approximate expressions for v and v, are of the same form as the accurate expressions 
obtained in the preceding case, but h and h, are not here independent of the distance through which 
the wave has travelled; they are functions of r. To determine them let us assume the vis viva of 
each wave to remain constant during its motion. The element (ém) of the mass in motion at the 
time ¢, will be the portion of the fluid included between the two cylindrical surfaces whose radii are 
p and p' +p’ and height H+h (MP). Therefore 


om =2rp (H+h) op’ 
=2rrHop’ nearly, 
if x be much greater than 7, and H than h. Also 


h 
Beery 
= ve nearly, 


Hence 


Now let 
h=(p'—-7r) 


be the equation to the curve LPN when CL =a, a particular value of r; then assuming the 
‘form of the curve so to change that each ordinate shall be diminished in the same ratio, we 
shall have generally when CL =r, 


r , i 
h=y(=).p@'-n: 
and 
Seite ¥ (DEL toe ( r)}id lm 
H a r p e 
or putting p'— 7 =p, and x’ = (¢)’, 
. : | CAN learn or 
Sv7dm =ens-r{y(=)} ie x (p) dp, 


which will be independent of r, if 


r 2 
r| vy ()} = c=a constant, 
a 
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on Vallee 


Hence h= NSE TOF 


or, for any assigned value of p 


h > ry ae) 
Vr 
Consequently, 


1 
y Ns 
v and 2, We 
5. A diverging wave, such as above described, would manifestly be produced in the midst 
of the ocean by the elevation of a portion of its bottom. The height and breadth of the 
wave will depend on the area of the elevated portion, the height through which it is raised, and 
the time occupied in the process of elevation. Suppose this area to be circular, and its radius = R; 
and first suppose the elevation to be instantaneous, and the height =h,. The resulting wave 
will have a steep front, like that of the tidal wave called a bore, the height of its crest 
being at first equal to that of the elevated surface of the water above the level of the general 
surface = h, in the case before us; and the breadth of the wave will be the space through 
which its front shall have diverged from the boundary of the original disturbance, when that 
boundary shall have been reached by the inner circular boundary of the wave. 


6. Let us next suppose the elevation to take place gradually, its amount being still = A,. 
The surface of the water above the elevated area will be raised to a height less than h,, and 
consequently the height of the crest of the wave will be less than h,, and the velocity of the 
current produced by it will be proportionally less than in the former case. If R be small, 
a small increase in the time occupied by the elevatory movement may make a great difference 
in h,, and consequently in the velocity and transporting power of the current; but if R be 


5 
large, the corresponding diminution in h, will be much smaller*. 


7. If the elevated area be a parallelogram, of which the length is much greater than the 
breadth, two waves will proceed in directions perpendicular to the longer sides of the area, to which 
sides the fronts of the wave (except near to its extremities) will be parallel. The breadth of the 
wave will depend on that of the elevated area. It is important to remark that the diminution 
in the height of the wave, and consequently in the velocity of the attendant current, will be 
much less rapid than in the case above considered of the circular wave. Instances of circular 
waves would necessarily present themselves in the elevatory movements of such a district as 
that of the Cumbrian mountains, while wholly or partially beneath the sea; and examples of 
the other kind, in the simultaneous elevation of the whole of such a range as the great mountain 
limestone ridge of the northern part of this kingdom. 


8. In the case first considered the wave was supposed to be propagated along a canal of 
uniform width and depth. If, on the contrary, the depth or width decrease, the velocity of 
the current will be increased, as appears from the expression for v,, (Arts. 3 and 4). Thus, if 
a portion of a great wave pass into the mouth of a channel which gradually contracts, the velocity 


* For example, let R=20 miles, and let the elevation be instan- 
taneous. The depth of the ocean might be such that it should 
require 15 or 20 minutes for the surface of the water above the | same conditions, 4, would be reduced to a very small quan- 


elevated area to be reduced again to the level of the general surface. | tity, and the transporting power of the wave would be almost 
In such cases, the elevatory movement might occupy several | annihilated. 


minutes without reducing /, very materially. But if,on the 
contrary, R did not exceed a mile or two, then, under the 
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of the attending current may become much greater than in the uncontracted wave. Such must 
have been the case with respect to the portion of a wave diverging from the district of the 
Cumbrian mountains, and received into the strait which must have been formed by the 
pass of Stainmoor previously to its emergence from the ocean, but subsequently to that of the 
higher mountains to the north and south of it. 

We may now proceed to investigate the transporting power of currents originating in the 
manner above explained. 


SECTION II. 
Transporting Power of Currents. 


9. WuateEver be the specific gravity of a body, if its dimensions be sufficiently small, it 
can never acquire more than a small velocity in descending by gravity in any fluid of which 
the density is not extremely small. Such a body may therefore be held in suspension in water 
for a considerable time, and when placed in running water, soon acquires a horizontal velocity 
indefinitely nearly equal to that of the current. It may therefore be transported to considerable 
distances before it descend to the bottom ; or when once deposited on the bed of the stream, it may 
easily be again disturbed, and carried onward as before. When the body is not however of very 
small Himeisiona it can only be transported along the bottom by the impelling force of the current, 
its motion being retarded by friction, or the resistance of solid obstacles. In this latter case it is 
necessary to ascertain the relation between the velocity of the current and the dimensions 
and weight of the largest mass it is capable of moving. This relation depends not only on the 
volume and specific gravity of the mass, but also on its form; and therefore, in order to ascertain 
whether certain given bodies could be moved by a given current, a separate investigation would, 
in strictness, be necessary for each, supposing their forms to be different, though they might in all 
other respects be the same. To render our results immediately applicable however, with sufficient 
accuracy for our general purpose, it will be sufficient to investigate the above-mentioned relation 
for a few certain forms, and then to refer any proposed mass to that particular form to which it 
most nearly approximates, among those for which the above investigation has been made. 


10. A body acted on by a current may be moved by sliding or by rolling. In the former 
case, a very uncertain element, the friction of the surface on which the body rests, is necessarily 
introduced into our calculations. It will depend on the nature of the surface over which the 
. transport takes place, and on the force with which the body presses on that surface, and this force 
will depend very much on the extent of that portion of the surface of the body which may be 
in such close contact with the surface on which the body reposes as to exclude the water from 
penetrating between them, and exercising there its upward pressure. In those cases, however. 
in which the motion takes place by rolling, the uncertainty depending on friction is entirely 
removed, for such motion is independent of the magnitude of the friction. Also, during a rolling 
motion the body must be revolving round one edge as an instantaneous axis, so that the fluid 
pressure will act on all points of the surface except those very near to that axis. The abstraction, 
therefore, of the pressures on these latter points will have no material effect on the body’s rolling 
motion, and may be neglected in our calculations. When the body passes from one edge to 
another, as a new instantaneous axis, the whole intervening surface might come in close contact 
with that over which the body moves; but if these edges be not too far apart (as will generally 
be the case in those bodies which tend to move by rolling rather than sliding) the body will 
necessarily begin, by its momentum to move round the second axis, and will consequently admit 
the fluid to exert its pressure on the lower surface of the body, after it has passed to a new 
axis of instantaneous rotation. 
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11. Hence if a body once begin to roll, and we would calculate the force of the current just 
sufficient to keep it in motion, we may consider the fluid pressures as acting on every part of its 
surface, and our results will be very approximately true, independently of the nature of the surface 
over which the motion takes place, provided that surface be sufficiently firm to give the requisite 
support to the rolling body. The force, however, thus determined might be insufficient to make 
the body begin to move, since it might rest in such a position as to exclude the fluid action from its 
lower surface. But here it should be carefully observed, that a current is not to be deemed ineffi- 
cient in moving blocks of given weight and form, unless it be capable of moving all such blocks; 
on the contrary, it is to be considered efficient for that purpose, if it be sufficient to move such of 
them as may exist under conditions most favorable for transport. In many cases the incipient 
motion might be due to accidental causes, as, for example, an impulsive blow from another mass 
already in motion; and, moreover, it is probable that all blocks which may have been transported 
by this agency to considerable distances, have been carried on by currents of considerably greater 
force than that just sufficient to keep them in motion, and which may have been sufficient without 
accidental causes to move them from rest, even under conditions not the most favorable for their 
movement. 

The preceding remarks are of the first importance as removing all doubt and uncertainty with 
respect to the applicability of our calculated results to actual cases of transport by the agency of 
currents, whenever those results involve the hypothesis of the rolling motion of the transported 
mass. Transported bodies may have moved by rolling or by sliding; but in the latter case, the 
retarding action of friction and local obstacles introduces so uncertain an element as to render 
calculation comparatively useless; but if in calculating the force necessary to move a block of 
considerable magnitude, we assume it to have moved by rolling, we avoid in a great degree the 
uncertainty arising from the above causes, and are in no danger of assigning its transport to a force 
much less than that which has been actually required for that purpose. 

We may now proceed to investigate the force which a current is capable of exerting on bodies 
of particular forms, It will be sufficient for our purpose to take a few prismatic bodies, of which 
the sections perpendicular to their axes are triangles, rectangular parallelograms, pentagons or 
hexagons. ‘These cases will shew how the transporting power of a current, as estimated by the 
mass it is capable of moving, depends on the form of the mass; and will enable us to estimate, to a 
sufficient degree of approximation, the velocity of a current capable of moving any proposed erratic 


block. 


12. Ifa plain surface, whose area = §' be placed at rest in a fluid, whose density is p,, moving 
with a velocity v, in a direction making an angle @ with the plane, we shall have 


R = (0) = pSsin%, 


R being the moving force of the current on the plane estimated in the direction perpendicular to 
the plane; and if 2’ be the resolved part of this force in the direction of the current, 


wv 
, = eae Y . 3 
k=¢(8). 5 pS sin’, 
which will be the whole force in this direction, if we neglect the friction between the fluid and the 
plane. 
, 7 ; ; 
When 6= 5 numerous experiments, made by different persons, shew that 


vw 


R’=— as 


yery approximately. The experiments have been made with different velocities up to 11 or 12 
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miles an hour, and we are justified in concluding by induction, that the expression will hold for 
ye 7 : 
still greater velocities. Hence p (=) =1. It also results from experiment that the value of (6) 


is very nearly unity for all values of @ not exceeding 45"*, and therefore, since the applications 
I shall make of the above expressions are in cases where @ is less than that value, we may assume 
generally 


2 


R =~ p,Ssin’9, 


and R= 5 pr Ssin 8. 


13. Let us first take the case of a prism, of which the axis is perpendicular to the current, 
and the section a triangle ABC. 
If this section bisect the prism, it is manifest that the resultant 


of the whole pressure upon it produced by the current will pass x 
through the middle point of AC. If therefore a perpendicular to * 

AC through this middle point meet 4B in B, or between A and B, * 

it is manifest that the force of the current can have no tendency to ve 

make the prism turn over about the edge through B. Suppose the oe \ 


triangle equilateral; then on whichever side the prism may rest, the 4 ; = 
above perpendicular will pass through the opposite angular point, 

and the prism will not roll; and if the triangle be not equilateral, it is easily seen that there must 
necessarily be one side which, when the prism rests on it, will be met by the perpendicular. Con- 
sequently no triangular prism can continue to roll by the force of a current round each edge in 
succession. 

To find under what conditions the prism will slide, I shall assume, as the most favorable 
condition for such motion, that the water has access to the lower side of the prism. In this 
case, taking p for the specific gravity of the prism, and p, for that of water, we shall have the 
weight of the body in water 

a (p = pi) gU, 
U = volume of the prism, and g= accelerating force of gravity. Let 4B =a, AC =c, the length 
of the prism = 6, and CAB=6. Thenif R = the normal force on the side of which AC is the 
section due to the current, and R’ the horizontal force, we have (supposing @ not much less 
than 45°) 


R = — p,S sin’, 


= 
v ; 
R ==> pi Ssin’ 6; 


or, since §' = be, 
2 


R= < pibe sin? 6, 


“ The most detailed experiments I have seen on this point are ; its length it was deemed better to publish it separately. When 
contained in a work, entitled Nouvelles Experiences sur la | @=45°, these experiments give ¢(@)=1,08, and values approxi- 
Resistance des Fluides, par MM, D’Alembert, le Marquis de mating to unity as their limit, for smaller values of 6. For greater 
Condorcet, et Abbé Bossut, Membre de 0 Academie des Sciences, | values of @, unity is no longer a near approximation to the yalue of 
&c. &c. Par M. Bossut, Rapporteur, 1777. It was intended to | (8). 
appear in the Transactions of the Academy; but, on account of | 
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v 
ie +3 
1 = 5 pi be sin’ 0. 
Therefore, the vertical pressure on the base 


= (p — pi) gU + Roos @ 
=1(p — p:) gabesin 8 + ~ pi be sin’ 8 cos 8 


= Lbesin 0 §(p — pi) ga + vp, sin 0 cos Bf. 


If we suppose the force (F') opposing the body’s sliding to follow the ordinary law of friction, 
we shall have 


F =, . vertical pressure on the bottom, 
=u }(p-pi)gU + Roos 0}, 


(where » = coefficient of friction); and the condition of the prism being on the point of moving 
will be 


Ri =F. 
Hence we obtain 


2 


re sin’@ = » }(p — pi) Wee pi sin @ cos Of, 


2 ‘ (£ - 1) a 
ve 2 
or, pi 


Qe ~ sind (sin 8 — cos @) 


This shews that a triangular prism with its axis perpendicular to the current cannot be moved 
by sliding unless tan @ be >, whatever be the velocity of the current. 


If the section ABC be equilateral, @ = 60°, and we shall have 
2 Qu (f - 1) 

we tol the > 

28 3 (\/3 — w) 


If we take & = 2,5, which may be assumed as a mean value of that ratio, we shall have 
Pi 


a. 


14. Let us now take the rectangular parallelopiped, of which ABCD is the transverse 
section. Let 4B = a, AD=c, and the length =6. Then 


“a Df ee ee 
RR =—~p..6e; 
q 


and in order that the body may be on the point of rolling 


round the edge perpendicular to the plane of the paper 
through B, we must have 


WAD AB 
Patt) Stree a 


pibe. 


~w10 
ll 
-_~ 
> 
| 
FS 
— 
Oe 
Q 
im] 
S 
we] SR 


Mr. HOPKINS, ON THE TRANSPORT OF ERRATIC BLOCKS. 229 


2 2 
ante (2 = 1) a 
2g Pi c 
Let c=na, then 
n ve 
a= — 
Prague 2E 
Pi 
n wv 
=e 28 ; 


If the section be square, m= 1, and 


1,5°2¢° 
If the body be on the point of sliding, we must have 
R= n(p- pgU; 


2 
vo 
or, gp be=m (p — pi) gabe, 


Coie 
eS 
Pi 
This value of a is less than the former one if 
(i, 
n 
If m=1, or the section be a square, the condition becomes 


a>. 
If this hold, the body will roll rather than slide. 


15. Let us next take a prism of which the transverse section is a pentagon. 


Let the side of the pentagon =a, and the length of the D 


prism = b; ACQ= 0, CQ being horizontal; and let R,R, be 
the normal forces due to the current on AC, CD _ respec- 
tively. c 


To find the tendency of these forces to turn the body is S / 
round an axis through B and perpendicular to the section, we 
observe that a perpendicular to CD through its middle point y 
would pass through B, and consequently the moment of R, f 
round the proposed axis will=0. Also, since the direction of = : B 


R, will bisect the angle at E, we shall have, when the prism is on the point of turning about 
the edge through B, 


R, asin 


D a 
=(p — p')Ug.5> 


or, substituting for R, and U, 


vw : 5 a’b 
aa a*b sin®@ cos 36° = 7 (p-pd)g capo 36°. 


GG2 
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Therefore (since 9 = 72) 


U3) 5 (2 ) a 
ete eae a, ay, ERAT) 
2g 8 \p, sin? 72° sin 36° 


sin? 72° sin 36° v 


(CLS = 
eee 
8 pi 
2 
567 — 
a9 19 
2g 


putting ye 2,5. 
Pi 
If we suppose the body on the point of sliding we find the value of @ nearly equal to that 
just given, supposing p = 1. 
16. Again, let the section of the prism be hexagonal. Let 4B =a, and R’ be the horizontal 
force of the current on the side AC = that on the side CD. Then 
when the body is on the point of turning about the side through 


B, we shall have \ 
, a 
2B. HO=(p—p) eu. 


D 


But ( 
v? : 
R’ = — p, ab sin’ 60, 
and U=3a.H0.b; 
v? : 3 Z / 
“. 2 =p, ab sin’ 60 = 5 (p —p)gab, B 
4 sin? 60° v? 
and a=-.- 2 
oO Pp 1 “2 
Pi 
2 2 
vo 


fxs) 
Fa 
RDulio 
| 
eed 
z 
oy 


I 
tr 
a 


nearly. 


It will be observed that in all the preceding cases the results are independent of the lengths 
of the prisms, as they manifestly ought to be, since by changing the length of a prismatic body 
situated as above supposed, the mass and the force upon it are changed in the same ratio. 

The tendency to roll as compared with that to slide is easily shewn to be greater in this than in 
the preceding cases; and if we take a prism of which the section should be a regular polygon 
of a still greater number of sides, the tendency to roll would be still greater. It is unnecessary 
to increase the number of examples of this kind; but there is another case somewhat different 
from the above which is deserving of notice. 


17. Many of the erratic blocks which may be referred to the agency of currents are so 
rounded as to approximate more or less to the spherical form. Let APB represent the locus of 
those points on the surface of the body which come consecutively in contact with the ground in the 
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rolling movement, and which may be considered, for simplicity, as forming a plain curve. Moreover, 
since the greater and smaller axes of this curve will not 

differ much in magnitude, we may suppose it approxi- 

mately to be an ellipse. Let its semi-major axis 4C 

=a,and BC =b; CP=r, CY= p, CY being vertical, 

and therefore perpendicular to the horizontal tangent 

at P, the point of contact. The horizontal force of 

the current (R’) will be approximately equal to that 

on a sphere whose radius =a, and its direction will 

pass nearly through C, which will also approximately 

coincide with the centre of gravity of the body. Hence 

when the body is in equilibrium in the position above B 
represented, we shall have 


R'p =(p-p)gUV/ Pr =p; 
2 
Ox R= (p- peu 5-13 


and in order that R’ may be just sufficient to make the body roll over, this equation must hold 


when the angle PCY is a maximum, i.e, when P is a minimum. Now 
x 


E a*b? 
Dee, (a?+ 6?) — 
Pp ah? : 
Ciara See eee We 
= (a? + 6?) 2? — 38 
p f a* +}? 
which gives a= =a 
2a7b? 
and b= Sa 
a+b 
od ’ (a? =f. b’)? 
: P iu 4a2hk? 7 
(a? — 6°) 
 £a2b? 
4 3 
Also = a a> nearly, 
Rs © 
and R= 37a “3h nearly, 


as determined by experiment on the resistance on a sphere. 
Hence the above equation becomes 
1 v + a—b 


gre p= (e-pde- 57. oe 
2 _— 
r p22 (2-1), SAC) 
2 Pi ab 


= 4 (2 - 1) (a—b) nearly ; 
Pi 
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a 
or if a—b=-, 
n 
n v 
a= ie 
ones ied 
Pi 
n 2 
62g 


18. To estimate numerically the dimensions and weights of the blocks which may be moved in 
2 


. . . v . . 
each of the preceding cases by a current of given velocity, let us take a which gives a 
& 
velocity of about 16 feet per second, or about 103 miles an hour. 
The triangular prism will never roll; when it is just on the point of sliding we shall have 
(the section being equilateral) 


This involves the unknown quantity ~. Suppose the friction such that the body would just 
slide down the surface on which it rests, if that surface were inclined at an angle of 45° to the 
horizon; then u = 1, and 


a 


1,68 feet. 
a= "55 


a 


i} 


2,84 feet. 
In the parallelopiped of which the section is a square, we have, when it is on the point of rolling, 
a = 22 feet. 


If the length =a the body will be a cube containing nearly 19 cubic feet, and weighing 
nearly 13 ton. 


For the pentagonal prism on the point of rolling, 
a = 2,268 feet. 


If the length of the prism be 2a, the volume will be about 40 cubic feet, and the weight nearly 
3 tons. 


In the hevagonal prism on the point of rolling, 
a = 2,28 feet. 


If the length of the prism = 2a, and therefore do not differ much from its height, its volume 
will be upwards of 60 cubic feet, and its weight between 4 and 5 tons. 


When the body is approximately spherical, let » = 4; then 
a= & feet. 


If we estimate the volume as equal to that of a sphere whose radius a is a mean between 
a and b, we find 


a = 7% feet, 
and the volume about 52 cubic feet. The weight will be about 4 tons. 


If n= 6, 
a = 4 feet, 
a =the, 


and the volume may be taken at nearly 200 cubic feet. Its weight will be 14 or 15 tons. 
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19. It will be observed in the expressions above given that the lines denoted by a vary, in 
every case, as v*, and consequently the weight of the mass in each case, which varies as a’, varies as 
v®’, Therefore the moving force of a current estimated by the volume or weight of the mass of any 
proposed form which it is just capable of moving, varies as the siath power of the velocity. 

This proposition may be easily proved independently of induction from particular cases. 

Let a denote the length of any parameter in a proposed body of given form. Then, when v is 
given, the force (/”) of the current, estimated as above, varies as the surface of the body, varies as a*; 
and when the surface is given, the force varies as v’. Therefore 

Fe«a’v’, 
and the moment of F' to make the body roll 
« ay" 
= Cav’ (C =constant). 

Also, the weight of the body « a‘, and its moment tending to keep the body at rest 

oc at 
=C'a'. 
Hence, when the body is on the point of moving, we must have 


Casv® = C'a'; 


. 2 
~ &£=—, 05 


o v", 
and the weight « a* « v°; which proves the proposition. 

This result shews how excessively erroneous an opinion we might form of the transporting power 
of rapid currents from that of the ordinary currents subjected to our observation. Thus if a stream 
of 10 miles an hour would just move a block of a certain form of 5 tons weight, a current of 
15 miles an hour would move a block of similar form of upwards of 55 tons; and a current of 20 
miles an hour would, according to the same law, move a block of 320 tons. 

Again, according to the same law, a current of two miles an hour would move a pebble of 
similar form of only a few ounces in weight. And here it should also be remarked, that minute 
inequalities, or a want of perfect hardness in the bed of a current, which would produce little effect on 
the motion of a large block, would entirely destroy that of a small pebble; so that the circumstance 
of the transporting power of a stream of 2 or 3 miles an hour being inappreciable is perfectly 
_ consistent with the enormous power of rapid currents. 


20. Let us now investigate the space through which a block might be conveyed by the current 
attending a single wave of elevation. 


Let V be the velocity with which the wave is propagated. 


Cc 
i 


E 


A t 


», the greatest velocity of the current, or its velocity in the transverse section through the crest 
or highest point of the wave, which will be very near the front of the wave, assuming it to have the 
character of a bore, as will necessarily be the case if the elevation producing it be paroxismal. 

v the velocity of the current in any other section of the wave ; 

v, the velocity of a current just sufficient to move the block. 
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Let AB represent the surface on which the block rests, CD the general surface of the water and 
LPP\N the wave, M the block at the time #, and P the point in which a vertical through M meets 
the surface of the wave. 


MP and MP, are the sections in which the velocities are v and v, respectively. 
Let AM =a, Al = CL =a’; then will 


Cae A weiicieiblocks 
dt 


da' 


and AS vel. of the wave = V. 


Also let v, be the velocity of a current just sufficient to move the block. Then, when the 
velocity of the current at the point where the block is situated becomes = v,, the block will begin to 
move; and as the velocity of the current increases, that of the block will always very nearly 
= difference between the velocity of the current and that just necessary to move the block ; so that 
we may consider the instantaneous velocity of the block as approximately =v —v,. We shall 


then have P =U—Ubs, 
or, substituting for v its value given by equation (1), (Art. 3.) 
da h 
Se Ad) See ee eee eee 
dt H+h : (1) 
da’ 
1 sm WV caseate cle scisiacisisielslete'e eicveraiele eieralerals|slerai=1e/aininio\"(o/s(oleine\slelerayo\ore PD) 
Also dt (2) 
_ da h Vo 
ay Pia ee Ue a ee Us Ek (3) 


h will be a function of 2 — «’ depending on the form of the wave. This form is not known, but as 
an approximation we may assume LP, to be a straight line; we shall then have 


h mP Lemania. 


hi in Pe my yous 


1 being the length of the wave to which Lm is very nearly equal. Therefore 


l , 
Pe gue Siicaulewcicciesiiceacoencaiseciilecteiceselatcesen ier (4), 
and 


Hence, by substitution in (3) and reduction, we obtain 


h, da’ Vi V V H 
—,— =-—4+ ae ; 
Ll dh 5 VD, OD 2 
a alae Ve, apes em SAY 
V+v, 
and integrating, 

h, V v? v 

ab = Ci halogen ee 

a yh + gg Ales. =: h +H). 


Let a = the original distance of the block, and J = the length of the wave; then when a’= a —/, 
we shall have h =h,. Therefore 
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Wa 
ean ete 
vas! ¥ Gey? 2 Vee eres 
my MLV ye ig a Tar ae (5). 
h+H 
VES ue 


Equations (4) and (5) give the two relations between x, a and h. Our object is to determine 


: .. aa P 
the value of « when the motion of the block ceases, when we have the condition wen which 


gives from (1) 
h 
« H+h 
From (4) (5) and (6) the required value of w can be determined, and thence w —a, the space 
through which the block will be transported, will be known. 


Virtlg = Ose elsararnsencoaasinnsaccecuccdvstatedece(O): 


Equation (6) gives 


Vo 
h= — —.4H; 
V-»v, 
and we have from Art. 3, 
v1 
h, a V-», . i. 
Also from (4), 
a’ é 1 
=om—-—.l. 
hy 
Substituting this value of a’ in (5) we obtain 
1 U9 hy 
| =) bes oo Viv, H 
l Vg h, ae: Apomice j V, h 
V+v0, H 


Since = will always be less than unity and 3 will generally be a small fraction, we shall obtain 


T—a. ; : 
a near approximate value of if we expand the logarithm. We shall thus have, preserving 


terms of the second order, 


o- a Vg (: 7) +F Vv? hi? — 1 

EN] kee. 2°(V+0,))" Hh, 

2 ( 2 Lht+h h—-h 
Sn (ro S|) 4S. ae 
UZ hy aS : hy 
Omitting 3: and substituting the above values of # and h,, we obtain finally 
1 (v, — 0)" 
Pe Sa Ar eee Sige eiesineclensinintelee cine minieicinaiioee (7), 


which gives the space through which the block will be transported. 
If we put v, = 0 we have 


1 
Sp=@-a=- pie) eoweunivnetndvuciecscaueensi= seca <<6(8)> 


which gives the whole space through which each particle of the fluid is carried by the wave from its 
original position. 
Vou. VIII. Parr II. Hu 
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If 3 be sufficiently small, 


1 (v, — v,)? 
=— Unsdnoae sie laistetelewsremsleise cece (O)s 
‘i 2a Vas (9) 
ee end 1 
end S= 5" MEATY ssreistoccieleee seisjeietciciorsisee (LO) 
ih, i : 1 
= Beare approximately. 


I have supposed the section (Z P,) of the surface of the wave to be a straight line. It will 
generally be some curved line having its convexity turned upwards or downwards according to the 
nature of the disturbance in which the wave originates. In the former case, the value of s would 
be greater, and in the latter less than that here determined, which may therefore be considered as 
an approximation to the mean of the values of s for different waves, in which v, v, V and / should 
be the same, but the original mode of disturbance, and therefore the form of the wave, different. 

21. The following table exhibits numerical values of the velocity (V) with which the wave is 
propagated, of the maximum velocity (v,) of the attendant current, and of the space (s) through which 
a block may be transported, for certain values of the original depth (#1) of the water, of the height 
(h,) of the wave, and of the velocity (v,) of the current just sufficient to move the block. The 
values of H and h, are given in feet, those of V, v, and v, in miles, the velocities being estimated by 
the number of miles described in an hour; s is given in terms of / the breadth of the wave. The 
values of s are calculated from equation (9). The last column contains s, calculated from (10). 


Vv) 


| Miles. 


al~ Sl~ 8l~ Sl~ 8l~ Bl~ Ele 
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SECTION III. 
Application of the preceding Theory.— Comparison of different Modes of Transport. 


22. In estimating the magnitude of a block which may be moved by a given current, the 
transport has been supposed to take place over a horizontal surface, sufficiently hard and even 
for the block to roll upon it without impediment. If the surface be otherwise constituted, 
the motion may be impeded or destroyed. The softness of a clayey surface would probably 
be most unfavourable to the motion; while the want of cohesion of a sandy bottom, from its 
opposing a less effective resistance to a motion rather by sliding than rolling, might be highly 
favourable to the transport of the block. In any case a constant action of denuding causes 
will be highly favourable to it, by the successive removal of temporary and local impediments. 
Abrupt inequalities, such for instance as those presented by ravines and steep escarpments, 
would present insuperable impediments to this mode of transport. It is important however 
to observe, that regular ascents, without rugged inequalities of surface, would offer no such 
serious impediment. 

The difficulty in this theory arising from the presumed inequalities of the surface over 
which the blocks must have been transported, has been, I conceive, in many instances, far too 
much insisted on; for it has been made to rest on the assumption that the inequalities of surface 
between the present and original sites of erratic blocks were the same, or nearly so, at the 
time of transport as at present; an assumption which I regard as totally untenable. There 
are three obvious causes of inequality of surface—elevation and disruption, denudation during 
gradual emergence from beneath the ocean, and erosion after emergence. So far as sudden, abrupt 
inequalities can be traced to the first cause operating previously to the transport, the difficulty 
alluded to must be admitted; but in many cases existing inequalities have been produced by 
post-tertiary elevations, which we have no right to assume to have been entirely anterior to 
the transport of erratic blocks. Again, such great inequalities as those presented by the oolitic 
and chalk escarpments, have doubtless been due in a great measure to denudation, during the 
period of gradual emergence of the land, the higher levels being raised above the sphere of 
denuding action, while the lower levels remained exposed to it. Minor local irregularities of 
surface are also due in a great degree to erosion. All superficial inequalities, therefore, which 
are referrible to these causes, must have been posterior to the removal of erratic blocks trans- 
ported by currents, and form no objection to that mode of transport. The only other causes 
which can materially affect the configuration of the terrestrial surface, are the deposition of 
new sedimentary beds, and denudation produced by ocean currents previously to any partial 
emergence of the surface. But it is manifest that both these causes, instead of creating those 
abrupt superficial inequalities, which alone would form a serious impediment to the transport we 
are considering, must constantly tend to destroy them wherever they may exist from other causes. 
For these reasons, I believe that there is no validity in the objection above stated to the theory 
of transporting currents. Those greater superficial inequalities which now exist, and are obvi- 
ously referrible to denuding agencies, could not, I repeat, be the consequences of superficial 
denudation, while the whole surface was submerged beneath the ocean; and minor abrupt inequa- 
lities could not then have continued to exist, even if they had originally existed, for they would 
have been destroyed by the action of transporting currents themselves, though no other cause 
should have operated to produce that effect. 


23. These currents, in addition to their transport of larger blocks, must manifestly tend to 
spread out the smaller detritus in a layer over the bottom of the ocean, supposed, for the reasons 
above stated, to form an even surface*. As the bottom rises in the process of slow elevation, 


* In the sense for instance, in which the bottom of the German Ocean or English Channel is an even surface. 
HHS? 
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it will become exposed to all the action of denuding agents, which however will, in many 
instances, make less impression on those parts where the covering of detritus is thickest, or is 
composed of the coarsest materials. Such parts will therefore, c@teris paribus, emerge first 
from beneath the surface of the ocean; and thus, in the first instance, will form islands, and 
subsequently, when the whole shall have risen above the level of the sea, the summits of hills. 
Such summits may consequently be expected to be capped with transported materials, of which 
all traces may have been destroyed by denuding agents in the surrounding valleys. This pheno- 
menon, of such frequent occurrence, is thus simply accounted for according to this theory. 


24. It appears by the table above given, (Art. 21) that a wave of between 50 and 100 feet 
in height, (in an ocean of the original depth there supposed), would be accompanied with a 
current of which the velocity would be from 10 to 20 miles an hour; and it is demonstrated 
in the first section, that (under conditions which I conceive to be entirely admissible) currents 
of that velocity would possess a motive power abundantly sufficient to move the largest blocks, 
the transport of which it would be deemed necessary to refer to this cause. But I would 
particularly direct the attention of the reader to the fact, as exhibited in the values of s, in 
the table just referred to, that the space through which a block may be transported by a 
single wave, is equal only to a small fraction of the breadth of the wave. Consequently, a 
great number of waves might be necessary for the transport of blocks to distances to which 
they frequently have been transported. It must also be recollected, that sudden or paroxismal 
elevations only will produce waves of elevation of considerable transporting power. Hence it 
follows that this theory of transport is essentially and necessarily associated with that theory 
which regards the phenomena of elevation as the consequences of a series of paroxismal move- 
ments, the movements by which, in my opinion, those phenomena can be most satisfactorily 
accounted for. The instantaneous elevation of a determinate portion of the bottom of the sea 
would produce a wave whose height would be equal to that of the elevation itself, so that 
it may be asserted in general terms, that the theory of transport by elevation currents, in its 
application to existing phenomena of transport, involves the hypothesis of a succession of paro- 
xismal movements beneath the ocean, the height of many of -which must have varied from 50 to 
100 feet at least. 


25. If we allow the efficiency of each of the three recognized means of transport of 
erratic blocks—glaciers, floating ice, and currents—the difficulty which remains is that of sepa- 
rating the effects produced by these causes respectively. In some cases it is probable that 
doubt will always remain from insufficiency of evidence, but in others, I conceive, our conclu- 
sions may involve but little uncertainty. The distinctive characters in the transported materials 
must be sought in the magnitude and form of the blocks, the state of their surfaces, and the 
distribution of the general mass of the transported materials. The magnitude of a block can 
hardly be considered to increase the difficulty of its transport by ice, while it increases in a great 
degree the difficulty of transport by water. Again, blocks cannot generally be rounded by 
attrition when floated on icebergs or carried on the upper surface of a glacier. A small portion of 
those brought down by glaciers are rounded by being rolled between the ice and sides or bottom 
of the glacial valley; but this is a rough grinding, and all the specimens I recollect to have 
examined immediately at the termination of a glacier, wanted that more perfect smoothness of 
surface which distinguishes a water-worn boulder. It might be contended that blocks floated 
on icebergs might be rounded and polished before being taken up by the ice or after being 
deposited by it. If such were the case, the effects must be produced either on beaches by the 
action of breakers, or at the bottom of the sea by that of currents. The action of breakers, 
on large blocks, however, as far as my observation has extended, rarely tends to give to them 
a rounded form, but, on the contrary, to wear them into very irregular shapes, till they are 
so reduced in magnitude as to be rolled about by the force of the waves; the most prominent 
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points then become subject to the greatest attrition, and the surface afterwards assumes that 
form and polish which distinguish a water-worn boulder. I do not recollect, however, to have 
observed on any beach instances of this perfect rounding and polishing except in pebbles, much 
too small to afford any explanation of the cases of many of the erratic blocks which have been 
subjected to some similar and equally effective process of that kind. Moreover, should the 
efficiency of this cause be allowed, it must be recollected that the sphere of its operation is 
limited to the comparatively small area over which the waves break, for it is there alone that 
they can exert any effective power. How then shall we thus account for the water-worn appear- 
ance of innumerable blocks existing in the detritus spread out over a wide area, or in cases 
where the transported materials exist in layers of great thickness? If it should be contended 
that the water-worn appearance may be due to the other cause above alluded to—the action 
of water remote from shallow coasts—it must be replied, that that force which is capable of 
rolling a block is unquestionably sufficient to transport it, and therefore, that the solution does, in 
fact, admit the existence of transporting currents. 

There is also another important point to be remarked with respect to the transport by ice, 
whether on land or by water—it affords no reason why the transported blocks should diminish 
in size, and become more generally rounded and polished, the more distant they are from 
their original localities. Such would necessarily be the consequences of transport by currents, 
but it must be a matter of indifference whether a block has been floated on an iceberg or 
carried by a glacier one mile or one hundred miles, so far as regards the form and dimensions 
of the block when ultimately deposited by the ice which conveyed it. If the great majority of 
the blocks transported from a given locality be rounded and polished, there is a strong presumption 
that water has been the transporting agent; if, moreover, the blocks do not exceed a weight 
of a few tons, the probability of that mode of transport is increased; and, finally, if we find 
that the magnitude of the blocks generally diminishes as their distance from their original 
site increases, till at length they degenerate into rounded pebbles, the previous probability 
appears to me to approximate as nearly to certainty as we can reasonably expect. 

On the other hand, when erratic blocks are extremely large, the presumption is in favour of 
their having been transported by ice; and if, moreover, they retain sharp angular points and 
edges on their apparently unworn surfaces, and their magnitude bears no relation to the distance 
of transport, we may confidently conclude that the transporting agent has been ice, assuming 
always that the transport is attributable to one of the causes we have mentioned. 

The main distinction between the cases of transport by glaciers and by floating ice, must be 
sought for, I conceive, in the distance which the blocks have travelled, and the nature of the 
surface over which the transport has taken place, and not in the character of the blocks them- 
selves. If the motion of glaciers be due to gravity, as I have endeavoured to shew in a recent 
memoir, it would be an absurdity to attribute to their agency the transport of the blocks dis- 
seminated over the extensive flat plains of northern Germany and Russia. In such cases I 
should not hesitate to refer the removal of large angular blocks to the agency of floating ice. On 
the other hand, the transport of numerous blocks on the flanks of the Alpine chain can hardly 
be referred to any agency but that of glaciers of greater extent than those now existing. In 
other cases the transport may have been effected by a combination of these means. Blocks may 
have been brought down by glaciers from the mountains, and then floated on icebergs to distant 
localities. This process has been recently observed, on a magnificent scale, in a high northern 
latitude, and appears to me the simplest mode of accounting, in certain cases, for the transport 
of blocks now far above the level of the sea. If Switzerland were depressed 1600 or 1700 feet 
below its present level, the enormous angular block of Pierre a bot above Neuchatél would be 
on the margin of an arm of the sea, occupying the present valley of Switzerland, while on the 
opposite margin there would be rocks bearing the strongest marks of glacial action. Under 
this hypothesis, and without assuming any material change in the general configuration of the 
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surface, there remains no difficulty in accounting for the transport of the prodigious block above 
mentioned from the Alps to the Jura; a fact which on any other hypothesis hitherto made, 
presents, in my opinion, mechanical difficulties totally insurmountable. The supposition of an 
elevation of 1600 or 1700 feet since the period of transport offers, as I conceive, no a priori 
difficulty, when we recollect the evidences of recent elevation in other places. With conclusive 
evidence that Snowdon has been elevated 1200 or 1300 feet within a period which we have no 
reason for supposing more remote than that of the transport of erratic blocks, there can be 
little hesitation in admitting the elevation above supposed in the region of the Alps within the 
same period, as an hypothesis as probable at least as any other which might be adopted. 


W. HOPKINS. 
CAMBRIDGE, 
April 29, 1844. 
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XVIII. On the Foundation of Algebra, No. 1V., on Triple Algebra. By Aucustus 
Dr Morea, V.P.R.A.S., F.C.P.S., of Trinity College; Professor of Mathe- 
matics in University College, London. 


(Read, October 28, 1844.] 


In the Philosophical Magazine for July 1844, Sir William Rowan Hamilton has published the 
first part of a paper read before the Royal Irish Academy in November 1843, headed ‘On Qua- 
ternions, or on a new System of Imaginaries in Algebra.’ To this paper I am indebted for the idea 
of inventing a distinct system of unit-symbols, and investigating or assigning relations which define 
their mode of action on each other. ‘The systems which I shall examine differ entirely from that of 
Sir William Hamilton, both as being triple instead of quadruple, and as preserving, in their laws 
of operation, a greater resemblance to those of ordinary Algebra. 


§.1. Description of triple systems. A system of Algebra of the n'™ character is one in 
which there are m distinct symbols, &,, &, ... &,, each of which is a unit of its kind, of a difference 
from all other kinds such that a,&,+a,é)+... cannot be equivalent to b,f, + b.&+... unless 
a,=6,, 4,=6,, &c, This condition however is connected with the interpretation: a perfect sym- 
bolical system might very well exist without it. Having assumed a system, and also the ordinary 
laws of addition and subtraction, the introduction of the operation of multiplication requires that 
meanings should be assigned to £,&, &&, &c., so that each of them may be regarded as coincident 
with such a form as a,£, + a,£ + .... On the manner of assigning this form the properties of the 
system entirely depend; and if we are to preserve the ordinary rule of the convertibility of multipli- 
cations and divisions, we must not only provide that &, & = &&,, &c., but also that Ef E) & ... shall 
give the same result in whatever order the operations are performed. This rule relative to mul- 
tiplication may be reduced to two simple rules, 4B = BA, and A(BC)=(AB)C. It is exactly 
the same thing as to additions, the convertibility of which is contained in the rules d+ B= B+ 4A 
and (4+ B)+C=4+(B+C). This second rule is generally concealed in the common rule 
of signs, according to which 4 +(B+C) or 4+(0+B+C) is, by the assumed distributive 
character of the sign +, allowed to be transformed into A +(+ B)+(+C) which again by the 
rule of like signs, becomes dA + B+ C, a symbol identical in meaning with (4+ B)+C. We 
might also use the signs x and ~ in the same absolute manner, and assume a corresponding dis- 
tributive character, and rule of like and unlike signs: considering x a and ~ a as abbreviations of 
1xa@and 1+ a. _ But it will be enough for my present purpose to note that the complete conver- 
tibility of multiplications will be secured if every triple combination, as £,%&, E7&., &c. has a 
meaning which is independent of the order of the operations. 

Having settled the system, it must next be inquired, for the sake of the interpretation, what is 
the modulus of multiplication, namely, what function of a, a, &c. is it which, in the product, 
has the same value as the product of the functions of the factors. If, agreeably to the laws of 
the system, the product of a,& + a,€ +... and a, + @2k+ ... be AE, + Agk. + ..., Ay, Ay, &e. 
being definite functions of a, @’,, a, a’,, &c., the modulus is to be found from the solution of 
the functional equation 


Pla, a...) xX P(@1, @es---) =G(A, Ag, ---), 
Vio, WOU Ie e 1 
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on which it is only to be observed that any powers, or products, or products of powers, of solutions, 
are themselves solutions. The most convenient modulus is that which, in one or more definite 
cases, reduces the system to the simple single or double Algebra already in use. In this common 
Algebra, in its widest form, there are two unit-symbols, say & and », usually (not necessarily) 
representing units of length taken off on the rectangular axes of w and y; and the laws of com- 
bination are & = &, 4? = — & En =nE& =n, which give Ey’ = - & = (En)n, &c. The modulus of 
multiplication of a& + bn is ,/(a?+ 6°). Sir William Hamilton seems to have passed over 
triple Algebra altogether on the supposition that the modulus, if any, of a& + by +ce¢ must be 
f(a’? +b? +c’). It is certain* that there cannot be a system of triple Algebra with such a 
modulus; but it is by no means requisite that the modulus should be a symmetrical function of 
a,b, and c. I should also notice that in Sir W. Hamilton’s quadruple Algebra there is a complete 
departure from the ordinary symbolical rules: AB and BA have different meanings. 


§ 2. One mode of derivation of systems of triple Algebra. Let ak, bn, eG represent lines of 
a, b, and ¢ units measured on the axes of a, y and x. Let it be a condition that b = 0, c=0, 
reduces the Algebra to the common single system; which might be worded thus: let the Algebra 
of the axis of a be the common single Algebra of positive and negative quantities. Also let 9 and ¢ 
be interchangeable, and related in the same manner to &. We have then, for the forms which 
define the actions of the unit-symbols on each other, 


& means &, n means p& + qn + qa 
Me sareae: a& + bn + c%, Ge spacéac LE +mnt+nQ, 
Gas ak + en + bE. a eee LE + nn +m; 


and it will be found upon examination that the equations &7 = (Ey), En? = (En), 7 ¢ = n(nQ), 
nC=Cn®, CE=E(CE), CP = ECE), EC) = 0 (GE) = C(En), will be satisfied by the following 
conditions; in using which care must be taken not to form new ones by introduction of subse- 
quently vanishing factors without recurring to the original forms. Some of these conditions are 
included in the others, but it is nevertheless desirable to be reminded of them. 


G.) a(q-e¢)+p(q -—6)=l(a - p). (4.) U(m +n) = 0. 
(2. U+mp+na=a+(b+e)l. (5.) 2mn = ™M. 
(3.) E+ma+np=p + 2qi. (6.) m+n? =n. 
Cisn8s) ln =(q—b)m=(ce—- q)m. (11.) (q +e) (q-¢) =am — pn. 
(9, 10.) Im =(q-c¢)m=(b-—q)m. 2.) (¢+¢)(q-6) =an — pm. 


From (5.) and (6.) we have either 
m=0, n=0; m=0, nm=1; m=4, n=4; m=-4, n=th. 
Proceeding by analogy, we might expect the triple Algebra which is the proper extension of 
the common double one to give 4 = - & (= —&, the necessary conditions of which are 


13.) al+ab+ep=-—1. (14.) an+b+cq=0. (15.) am+be+cecq=0. 


* Any one who will try to get three squares in which accented | three points of a sphere, each of which is opposite to both of the 
and unaccented letters enter symmetrically, and of which the sum | other two; also three other points each distant by a quadrant from 
is equal to the product of a?+62+c? and a’+b+c’ is engaged, | each of the first three. 
whether he know it or not, upon the following problem ;—To find 
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But at the same time it is desirable to examine the case of 4? = — & C= — &, the conditions 
of which are a=-1, b=0, e=0. These two systems may be called the simple cubie and 
quadratic systems, both being ¢riple. I now proceed to a mere enumeration of cases to be pre- 
sently discussed. 


Case A. Let m=0, m=0; which gives either of the following 


(4) 7705, 7 — Oc, (4.) m=0, n=0, q=c=h, 
—2ac—p(e+b) =l(a—p), a=p, 
P= a+(b+c)l, P=a+2bl. 
P= p-—2el. | 
Neither gives a simple quadratic form, unless / = — 1, which is inadmissible. 


Simple cubic forms are only such as are contained in 
b=c—— Gg, m— 0; 2 —0, 
al+b(a+p)=-1, 2h(a+p)=-Jl(a—-p), 
P =a+2bl = p—2bi, 


which give p=a=1, J=-1, 6=0. 
Case B. Let m=0, n=1. We have then 
f= E, nC =-(-e)E+G(n+ O, 
n= (q+) (q—-5)E +b + cf, cc= & 
C= (9 +6) (Q-O)E +n + bE. En= ». 


This is the case, and the only one, in which the action of — upon both of the others is imper- 
ceptible. The following cases will be considered, the first of which is a species of simple quadratic 
form, the second a simple cubic, the only one which the case yields. 


f=, n€=€, c= é, n¢=&, 
ye SE tne CES G oat CE =% 
C=-Et+nt+G En=n C= -n- En =». 


Case C. Let m=4, n=}. This gives 1=0, gq=b=c, a=p. The only simple 
quadratic and cubic forms are as follows: 


B= §, nC=-&, &=E, nC =-1+4n4+3G 


ro= 8 hadnt 2G w=-E+dn+he CE= 27 +46 
C= 6 clan ts Ka HEtan tse by= * ge bse 
Case D. Let m=-4, n=}. The equations of condition are reducible to 
b+ b-c 
q= —; Oe ae (6 + 8c) (6-c) = — 2(a+p). 


The simple quadratic and cubic forms are 
Soar ac =e Deks nt = & 
ee Ea-dnthy WPa-BE+En-4G a4 dn G 
C= Stuestia sanaat Ca BE -dnt ht En= hE + bn -3¢ 


rr2 
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§ 3. Simple and perfect cubic form. I now proceed to consider the simple cubic form in 
case B. The equations of signification* are (dropping the distinctive symbol &, which is in- 


operative), 
f==-G C=-—a 1Gat 
And the product of a+by +e and a'+U'n + ¢¢ is 
be + cb’ +ad + (ab’ + ba’ -cc’) n + (ac + ca’ — bb) ¢. 


If the equations of signification be also consistently algebraical, and if y = and ¢ =» satisfy 
them, then a +bu+ev is a modulus of multiplication. Accordingly in the present instance, it 
is sufficient that » and py should be severally equal to — 1, or else that they should be the 
imaginary cube roots of —1. Let them be the latter: then a-—b—c, a+ub+ve, a+vb+pe, 
are moduli, and since any product of roots of moduli is a modulus, we have, taking such roots 
as are required by the condition that the Algebra is to become single if b and ¢ always vanish, 
the following possible moduli, 

a-b-e, 


J (a+b ++ ab +ac — be), 
a/ (a - 6 — 8 — 3abe). 


These expressions are connected with the third degree in the same manner as a’ + 6° with the second. 
Changing the signs of b and ¢ &c., their modular character gives the following equations. Let 


Az=bei'+ch+aad, B=ab'+ba+ec, C=ac+ca'+bv. 
Then (a+ b+e) (a+b +ec)=A4+B4+C 
(a? + b+ c?— ab — be — ca) (a? +b? +c? - ab’ -Ue'— ca’) = A+ B+ C’—- AB- BC-CA 
(a3 + B+ c= 3abe) (a? + b° + c%— 3a'b’e) = A°+ B+ C’- 3 ABC. 


These might, I think, be made of the same sort of use in the theory of numbers with the equation 
(a’+ b°) (a? +b”) = (a a’ — bb’)?+ (ab’+ ba’), which is the modular equation of the common Algebra. 
Thus of either of the forms a+ b’+ e’— ab — be —ca and a*+b*+ c’— 3abe we may say that the 
product of two instances must be a third instance. 

It appears that this cubic form of triple algebra may involve three cases, according to 
the modulus which we employ. Now we know that in common Algebra, a + b,/ — 1 is made to 
depend upon a length and an angle, in such a manner that the length is represented by the modulus, 
and the product of two expressions has the product of the lengths for a length, and the sum of 
the angles for an angle. Suppose that we make a + by +e¢ to depend upon the modulus and 
two angles, each having the same property as the angle of the former case: it is required to 
express a + by + eC by [/, 0, @] in such manner that the following equation may be identically true, 


[0,6]. 6, ¢]=[i', 0+6, 64+ 9). 
Without as yet specifying which modulus we are to take, we must examine into the conditions 


of a species of triple trigonometry, in which two angles form the base of every expression. 


Looking at the form of the product of a+by+e¢ and a'+b' +c, it is obvious that the 
problem is solved if we can assign 


a c 
4og=5>  Bagati  Cog= > 


* In this sense it ought to be remembered that they more resemble — x —=+ than ab=c. 
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in such manner as to satisfy 
Ags nary = Bos Cuy + Buy Cog + AagAuvs 
Bo.u gs = BogAuy + Buvdag — Co guys coe reeeee 
Corn gry = Cog 4, + Cir 4og — BoB, ,. 


aka aCRiie 


Here A,, is a species of cosine of (6, d), and B,, and C, , are two different species of sines. 
The second sides of (1) must admit the interchange of @ and y, and also of @ and vy. That this 
and all other conditions of self-consistence are satisfied, will appear as follows. We have 


Ag, = Boo Co, + By Coo + Ao Aor» 
Boy = By. Aoy + Bo»Aoo — CooCors 
Cov = Coodoy + CoyAo. — Boo Boy- 
Again, Agin gsr = Bory oCogsy + BogirCoruo + Aoruo4og+r 
= (Boo Ayo + By ooo — CooCu0) (Cog dor + Co,» 404 — Bos Bo.) 
+ (Bog 4or + Bo» 406 — Co Cor) (Cop Ano + Cuo4eg — Boo Bu o) 
+ (Bg. Cu o+ Byo Coo + 40 04y,0) (Bog Co» + Bor Cog + 4440»): 
Develope these products, and the results will be seen to be identical with 
(Bo 40,6 + Bog4o0- Co,0€o4) (Cu o4or + Cor 4uo - By oBo») 
+ (By doy + Boy Auo — Cuo©o,r) (Coo404 + Co.g-4e0 — BooBo 4) 
+ (Bo oCog + Boe loo + 4e04o4) (BuoCor + Bor Guo + 4yc4or)s 
which is Boy Cuy + By Cog + 4044, 
The other equations may be treated in the same way. 


I am able to find the solutions of all three varieties of this system by means of that in 
which the modulus is ,/(a* + 6° +c? +ab+ac-— bc); in which case the equation answering to 
sin? @ + cos? @ =1 in common trigonometry is 


Ab 4 + Bog + Co.4+ 4.4 Bos + 4o.4Cog — Bog Co, =1- 


We have 
b ~ b—e\* 
a@+b+c+ab+ac—be= (a+ =<) +3(5 “) ‘ 
sin 8 
ee Ay + (Bog + Co.) = 0086, $ (Bas — Cog) = fs" 


Then we must have equations of the following form 
A,,=cos0+ Ly 4, 
sin 0 
ot Gere 
V3 
sin 0 
Cog = — Fe - Pas: 


/ 8 


— La 4. 
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Substitute these values in the first of equations (7), and we have 
Losuory = Legh, + cosOL,, + cosm Ly y + + sin @ sin p. 


Assume Ly, = 4(Py4— cos @) which gives Py.44,,= Po4P,, the only solution of which 


is P5,=6~ °*s, giving 
A, 4 = ¥cos 0 + $e%?*F#, 


1 
Aya eee chee 
Lite gh caret ad de® . 


es a 1 — 1,46+B¢ 
Cy 4 = 4080 sin@ — te : 


1 
Vf 3 
This gives Aes -~ By4- Cy 4 = erlt Be. 

5 o> Bes = Con SMa BngCogem ie '. 
We can now get solutions on the supposition that the other moduli are used. If we take 


l=a—b-—c, we have 


Ay, = $ cos 8.e @7TF#) 4 2, 

fee cos sin8\ _ 94284) est 
0, 3 Fe /3 € 3? 

pital cos 8 _ sin 6 <n(o0+B4) 


But if we use 4/(a’ —b°—¢ — 3abe), we have 


Ana 2 cos. @ Rot BH) 4. Leleoteo, 


3 
ee = is sin “) enh 28+ 86) _ pedeoree, 
’ 3 Vf 3 “ 
ee petal _ sin z) qrMast8d) _ 1 800486), 
x) 3 nf 3! 3 


We must remember that, of any two solutions of (J/), either must be the other multiplied by a 
solution of P,,,,4..= Po, P,,3 and any solution of (M) multiplied by one of the last is also a 
solution of (M). And the form of the solutions might be generalized, but in appearance only, 
by writing cos (a’@ + PB’) and sin (a’@+ B'@) for cos and sin@. But by the same consideration 
it appears that the system is not less complete if we write @ for a0 + @. Adopting this simplifi- 
cation, the equations of connexion between a &c. and / &c., are at full length as follows : 


l= J (a+ +e+ab+ac—be), 
a=1 {cos0+t6e%, a+3(b+c) =/cos6, 
1 ae 3 
Bat econ ta acne ee: VE (h— 0) = sin 8, 
1 
C= bj Ron Rae aac a—(b+c)=le?. 
From these premises it follows that the product of a + by + c¢¢ and a'+ b'n + eG, or of [I, 0, | 


and [U, 0, | is [17”,0+ 0, p+¢@’]. And it is certain that this is the only simple cubic system, 
except that noted under case A, which as will afterwards be seen, is deceptive: also that this is the 
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only case of that system in which /= ,/ (a°+ &c.), the equations (M) admitting no other solution 
with that modulus. 

We now come to the question of geometrical interpretation, the most difficult part of the question 
in one sense, the easiest in another. Every system of Algebra admits of an infinite number of 
geometrical interpretations. Take the common one, and instead of supposing w + y \/— 1 to stand 
for a line r =4/ (a+) inclined to the axis of # at an angle @=tan~'(y: x), let it stand for 
any line 7, inclined at an angle 6,, where 7, and 6, are unambiguous functions of r and @. 
Then the sign + in [7,, 0;]+[7',, | must be defined in such a way that the preceding symbol 
may stand for the line determined by r= y/ }(w + a’)’+(y+y')'} and tan@ = (y+y): (@ +2’); 
and similarly with the other signs. There is no question about the superior convenience and 
primary character of the usual interpretation: but others are not therefore absolutely excluded. 

Analogy would lead us to infer that a, b, c should represent lines on the axes of a, y, %3 
and even if we took them to represent areas on the planes of yz, xa, and wy, we should be 
able to determine an area on the plane of yx (its form not being in question) by a line on the 
axis of 2. Again, the same analogy would lead us to take / for the absolute length of a + by + ec: 
but all that is necessary is that /, @, and @ should be sufficient determinants of that length. For 
instance, we may say, let a + by + c¢ represent a length r = ,/(a*+ b°+c*) inclined to the axes at 
angles having cosines d, », v, proportional to a, b, ¢: but then we give up the convenient property 
of the modulus of multiplication, and must form (R, A, M, N) the product of (r, , 4, v) and 
(7, 5 #’, v’) from the conditions 

Roos A =rr (uv +vp' +X), 
ReosM =rr'(An'+ Xu - vv’), 
Roos N =rr' (Av'+X'v - wy), 


so that R must depend on the angles of the factors as well as on their lengths. The systems 
I have given are the only ones in which the moduli represent the absolute magnitude of the 
symbols. 

I am not able to present any striking geometrical interpretation. The symbols of the triple 
trigonometry on which it must be founded are mixed functions of circular and hyperbolic sines and 
cosines. If we take the equilateral hyperbola a*- y’= 1, and let w and y be called the hyperbolic 
sine and cosine of @, the double of the sectorial area included between the axis of a, the radius vector, 
and the curve (for analogy, the angle must be replaced by the double of the area of a circular 
sector of radius unity), we have e*=COS@+ SIN @, using capital letters for distinction. We 
might very easily invent interpretations: but I see none which I think worth presenting. The 
» transformation 


will of course not be forgotten by any one who makes an attempt. This entrance of both species 
of sines and cosines is, both in this and other cases, the consequence of the determination to have 
what may be called a doubly logarithmic system, or one in which both angles, or magnitudes 
corresponding to them, have their sums in the product. 

We may, if we like, consider the system as one in which there is a double modulus of mul- 
tiplication ; let 7. e* = m, and we have 


L=/(@+b'+c+ab+ac— be), m=a-—b-—e, 
a = Zlcos 0 + bm, a+4(b +c) =lcos@, 
b = 2/ cos (60° — 8) —4m, 4/3. (b-c) =lsiné. 


c = $l cos (60° + 6) — 1m. 
The product of [2, m, @) and [/’, m’, 6] is now [7/’, mm’, 0 + 6'}. 
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The three axes on which a, 6, c, are laid down, ought not to be rectangular axes, but those 
of y and x should be each inclined at 60° to the axis of #, so that units laid down on them may 
be cube roots of —- 1. The planes of wy and wx being at right angles, and A being the diagonal 
of the parallelepiped on a, 5, ¢, we have ? = A® — B be. 

Should a simple interpretation be obtained, the ancient difficulty of the imaginary quantity will 
immediately occur; for f/m must take the place of m in ALA m, 0|, and m may be negative. 
This system therefore will never be completely explained until it is interpreted on the supposition 
that a, 6, &c. have the forms a+a4/-1, b+6,/-1, and also 0, 1, &. By analogy we 
might have expected this, in the following manner. As soon as pure arithmetic is converted into 
single Algebra by the extended definitions of + and —, and the new symbol ,/—1 occurs, it occurs 
in conjunction with both the forms + 1 and —1; and at the same time the vehicle of explanation 
takes two dimensions. If new distinct symbols be added, such as will require space of three 
dimensions, it is therefore natural to suppose that each of those new symbols will combine with the 
complete system of the double Algebra. By this, since @ + a,,4/—1 may mean any line in the 
plane of wy, it is reasonable to suppose that two new symbols will be required, to express removal 
into the planes of yx and za, and that 


(a+ an/-1) + (6+ b/- 1) + (C+ 6f/- IG 


will signify some line in space, determined by three lines in the three co-ordinates planes. 


4. Redundant biquadratic form. The last remark suggests an examination of the method 
by which systems have hitherto proceeded, with a view to ascertain whether the hints which analogy 
might give are exhausted. If we look at the series +1, —1, /-1, we see that one new 
unit-symbol is introduced at each step, represented by a square root of the preceding. What then is 
the system in which oxe more unit-symbol is introduced, whose action resembles that of /- 1, 
the combination with preceding symbols being of the complete character just described. 


Let the fundamental symbol be 


[a,p,b6,q)=a+pVY-l+(b+qV-1It 
where ¢? means,/—1. Accordingly, the product of [a, p, 6, q] and [a’, p’, b’, q'| is [4, P, B, Q] 


where 


A=ad —-pp' — bq -Vv'4q, Bz=al'+db—-pq -p'q 
P=ap+ap+bb- qq, Q=aq t+aqt bp + pl. 


The modulus of multiplication is found to be 


infos l= (ae et 


Now it is evident that, a line in space being determined by three data, we have here one to spare, 
since a, b, p and q must all be given before the fundamental symbol is completely determined. It 
would be in our power for instance, to consider the symbol as meaning a line of given length drawn 
from the origin in a given direction at a given time; or as determining a point which has a given 
position at a given instant. Let a+p/—1 represent in the usual manner a line in the plane 
of wy, and let ¢ represent a unit somewhere in the plane of wx; we may easily see that it must 
be at 45° to the positive axis of a, if the rule of angles in multiplication is to be preserved. To 
satisfy this last condition, let [a, p, b, q| represent a length / making an angle with the axis of w 
determined by 


b-4q 


B® Q° 


lcos@=a+ 
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Let ¢ signify revolution through 45° in the plane of wz, so that if apg a Fervat 
b+qr/—-1=se"!, we have (6+q4/-1)¢ signifying a line s at an angle 8+47 in the 
plane of we. Moreover we have 


leos@ =rcosa+scos(B +47), dsin@=rsina+ssin(@ +47), 


so that the way to find 7 and @ geometrically is as follows. In any plane, say that of ay, 
set off r and s at angles a and 8 +47: the diagonal of the parallelogram on these lines represents 
the length 7 inclined at the angle @ to the positive axis of 2 In yarious systems I find that 
when Jsin @ has the form M + N, one of the simplest interpretations consists in making N = M tan w, 
where w is the angle which the plane of the line and the axis of a makes with the positive side of 
the plane of wy. In the present instance, this will give 


b+q -4 Zsin 0 lsin@tanw b+q 
tan w = ——, leosO@=a+ ————— Py 
pV 2 / 2 1 + tanw 1 + tanw f2 


Here p, b, q can be found so as to give [/, 0, w] for any given value of a. The system is now 
complete, all the rules of Algebra are true of it, and it only remains to give the results their 
easiest geometrical form, The most natural mode of proceeding is to examine the mode of escaping 
redundancy, which consists in assigning one relation between a, 6, p, and q. ‘The case of b = q will 
appear exceedingly remarkable, when viewed in connexion with the imperfect system which I shall 
describe in the next section. 

According to our conventions, a+p4/-1+6(1 +4/-1)¢ represents a line of the length 
L=/ fa’+ (p+ 64/2)’ inclined at an angle having a ; land (p+ /2) : / for its cosine and 
sine, with a projection on the plane of yx which makes the angle tan~'}b4/2 ; p} with the positive 
axis of y. But the relation B = Q does not obtain in the product; and if we bring it about by a 
proper use of our redundant letters, so as to represent the product [L, 0, Q| under the form 
Ver W/- 1+X(1+/- NG we shall find that we have sacrificed the equation 4 (BC) 
= (AB)C, which is no longer a formula of the Algebra. Owing to the redundant letter, two lines 
may be identical in position, but must not therefore be considered as identical. Now the introduc- 
tion of an equation of condition between a, b, p,q, and the alteration of the product in such a 
manner as to satisfy this same condition, is, in point of fact, the substitution for the product of a 
line equivalent in position only. 

I shall resume this subject in the next section: but in the first place, observe that the modulus 
admits of resolution into the square root of the sum of two other squares, namely 


t= J (04 222)" + (94259). 


\ V/ 2 


Take another angle « such that 


+a : =i 
P > Garieeseyce. 


v2 V2 


This angle « is not a new directing angle, being in fact @-4a; and ¢ is—4/- 1. 


leosk =b+ 


The modes of interpretation will be better seen, so far as they are easily practicable, in the next 
section, 


§ 5. Imperfect form, derived from the preceding. ‘The first system of triple Algebra which I 
obtained was that in which P=a+by + eG where Ga 7, and n¢ sev erally represent — 1. I did not 
at first see that though this will give PP’= P’P, it will not give P’(P'P)= (PP) P, except in 
particular cases ; though it should have been obvious that »°¢, oa instance, is not the same thing 
as (y@). Now this is precisely the case of the redundant system already noticed, in which b = q. 
If we multiply together a+p4/-1+b(1+/f- 1)€ and a’+p vs 1460+ Y%-DG 

Woe W200 IRA TMOG Kk 
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under the condition that (’ means ,/—1, and if we then reduce the result to a line of the 
same value of J, 0, w, in which also b=q, we have 


aa’ — pp’ —2bb' — (pb + p'b)V/2 + (ap' + a'p)\/-1 + (ab +.4'b) (14+ - 1)% 


Now for b 4/2 write 6, and let (1 + 4/- 1)¢ + 4/2 be an independent unit symbol (it will be 
found by our conventions to be a unit on the axis of x), and for it write (; also for f/-1,a 
unit on the axis of y, write 7. Then it appears that the product of a +by+¢¢ (write ¢ for p 
and then interchange it with 6 in the preceding), and a’ + b'y + ¢'@ is 


aa’ —(b+c) (b+) + (ab +ba’)n + (ac + ea’)%, 
which is here produced, and can only be produced, from y°=-1, (?=-1, 4€=-1. 


I shall give the interpretation of this synthetically, and with some minuteness, since the leading 
features of it belong to most of the other imperfect quadratic systems which I have tried. 

Let every line drawn through the origin be considered as having for its plane that plane which 
also passes through the axis of #; and let the line in which that plane cuts the plane of yz 
be called the imaginary axis of that plane and of all lines in it (except the axis of « itself). 
Let a line (xy = — y) which bisects the second and fourth right angles in the plane of yz be called 
the neutral avis, and one perpendicular to it, which therefore bisects the first and third right angles, 
the primary avis. Let every imaginary axis have for its sign the sign of the parts of y and z 
which lie on the same side of the neutral axis as itself: and let angles be measured positively 
in every plane by revolution from the positive axis of w towards the positive imaginary axis. 

Let a + by + c¢ represent a line of the length / = / ja + (b +e)" in a plane whose imaginary 
axis make with the positive axis of y the angle = tan~'(e : b) having for projections on the real 
axis (the axis of v), and its own imaginary axis severally a and b+ec; or making with the 
axis of # an angle @ whose sine is b +e : / and whose cosine is a : 1. 

For addition, subtraction, multiplication and division, of two lines, make them both revolve 
round the axis of wv into, say the plane of «wy, taking care to bring the positive part of each 
imaginary axis into contact with the positive part of y. Then add, subtract, multiply and divide 
as in common double Algebra, and find the plane into which the results are to be finally 
transferred by the following rules. 

In addition, set off on the primary axis lines equal to the projections of the given lines on their 
imaginary axes; or transfer the imaginary projections by revolution to their proper sides of the 
primary axis. From the extremities of the lines so drawn, draw lines perpendicular to the 
primary axis, meeting the imaginary axes of the two lines, so as to cut off two hypothenuses. 
On these hypothenuses describe a parallelogram ; its diagonal from the origin is in the imaginary 
axis of the sum. And similarly for the subtraction, or the addition of the equal and opposite line. 

In multiplication, first lay down on the primary axis lines proportional to the tangents of 
the angles which the factors make with the axis of w, and then proceed (exactly as in addition) 
to determine the imaginary axis of the product from the diagonal of the hypothenuses. And 
similarly for division. 

In every plane, as long as lines are taken in that plane only, there is one complete system 
of double Algebra, admitting every rule of ordinary Algebra to its full extent. When lines 
from another plane are introduced, we lose the equation 4(BC) = (AB)C, unless 4 and B be 
in one plane. 

The theory of powers and roots is absolutely identical with that of common double Algebra for 
every line which is not on the axis of v, the plane of each line being the locus of all its powers. 
And +1 has only two square roots, as usual; but — 1 has an infinite number of square roots, every 
imaginary axis of a unit in length being one of them. Also both +1 and —1 have an infinite 
number of third, fourth, &c. roots, one set of three, four, &c. in every plane. 


Mr. DE MORGAN, ON TRIPLE ALGEBRA. 251 


For a+6n+cQ@ or [/, 0, w], we may write 


Zsin 0 Zsin@.tanw 
Zcos @ + 4 + —— 
1 + tanw 1+ tanw 


Ee 


and if 4/,, — 1 denote the square root of — 1 which is at an angle w to the axis of y, we have 


Vana i G = 7, —15 C=/1.-1. 


Call these last 4/—1 and 4/,-—13 we have then 


1 fe tan w 
ee banter 1 + tan w 


sin 8 sin 8 tan w 


[7, 0, w] =1(cos@ + sind Vf, - 1) =1 (cos + a = Vn = 1). 


1+tanw 1 + tanw 


The product of any two positive square roots of —1 is —1, and the product of a positive 
and negative square root is +1. 

The Algebra of the neutral plane, which passes through the neutral axis and the axis of w is of 
a very peculiar character. In the first place, neither side of the neutral axis is necessarily positive 
or negative by our conventions, and the signs of this axis must be determined (like that of 
tana) by the manner in which we come upon it. But this is not the chief peculiarity. If 
we call the point whose co-ordinates are a, b, c, the subsidiary point of L or [4, 0, w], the 
point and its subsidiary point are always in the same plane: but if the subsidiary point be on 
the neutral plane (6 +c¢=0), the angle @ is 0 or zw, and L is on the axis of w. But if on the 
other hand Z be on the neutral plane, but not on the axis of a, then 6 and ¢ are infinite (with 
contrary signs): and in this case, whatever line A may be, L+ 4, A+L, Ax L, A+L, L=A, 
are all on the neutral plane. 

Hence ‘a unit, situated on the positive side of the axis of «’, is not a complete description of 
any line: for under that description comes every case of 1+m(y—() in which m is finite. 
The fundamental unit 1 or 1+ 0 +40 is the line which requires that the preceding should be 
augmented by ‘having its subsidiary point at its extremity.” It is true that no alteration could, 
in any case, be produced in J or @, by substituting one case of 1+ m(m—) for another; but 
the effect would be seen in the value of w. The rules of addition and multiplication, as above 
given, fail when one of the lines is of the form @+m»—m; we must replace them by others 
drawn from the use of the projections themselves. 

I look upon the preceding system, as the one which has most general resemblance to the 
common system, from which I derived it, before I considered the subject generally, 

It is demonstrably impossible that any system can give the convertibility of three factors, in 
’ which a line of a unit in length is represented by cos @+sin@.P,,where P,P,=—1. Calling 
this 4, it will be found that 4” 4’A and 4’d4’A are not identical unless sin @. sin @’. sin 0”. P,, 
= sin@.sin 0’. sin @”. P.,, which, to be universal, requires P,, = P,.. 


wo 


§ 6. Second imperfect system deduced from the redundant system. It is natural to examine 
that particular mode of getting rid of redundancy, which consists in reducing the modulus of 
multiplication to the form 4/(a°+ p*+ 6°+ q°). This is obviously 


a(b-q)+p(6+9q)=0, or b(p+a)+q(p-a)=0. 
Now if we examine the corresponding function in the product, we find* 
A(B- Q) + (B+ Q) 
= {a(b- 9) + p(b+q)} fa? +b? 4+ p? 4+ 92h + fa -q)tp +) [C+ P+ p+ eh, 


“ Most easily seen thus: since whence follows the equation in the text, and also 

A+ B?+ P2+ Q+/2.{4(B—Q)+ P(B+ Q)} A? + B24 P2+ Q2=(a?+b2+ p? + 92) (a’2+ 52+ p2 +92) 
is identical with the product of the corresponding functions of +2 {a(b—q)+ p(b+-9)} {a (0'—9')} + {p' (8+ 9)}. 
a, b, &c, and a’, b', &c., the parts affected with ,/2 are identical; : 


KK2 
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So that if this condition be true of the factors, it is true of the product. Now if as before, 
a+ pra/-1=ret¥', b+ pr/—1= 868%", we have, for the expression of the condition, 
tan(3-—a)=1. This gives either 


Btin=at+hn, lcos8=7 cosa — ssina, lsin@ =r sina +s cosa, 
or Bt+in=at+3n, lcos@=rcosa+ssina, Jsin@ = rsina — s cosa. 
The first will be the most convenient. 


But though this condition may be satisfied for the product, when it is so for the factors, the same 
is not true of the components and the sum, unless a: a’ :: p : p’, This system then would be 
perfect for multiplication, division, and all its consequences, as the former one is for addition and 
subtraction. 

If we endeavour to find the system in which the sum of two lines is the diagonal of the 
parallelogram formed on them as they stand, at angles a and 8 + 47 to the axis of # in the two 
planes; we find the condition to be p(b+q)=0. Now b= —q satisfies this for additions, and 
p=0 and b=-—gq for both additions and multiplications: but an examination of this last case 
will shew that it gives nothing more than the common double Algebra; no line lying out of 
the plane of wy. 

If there can be a perfect non-redundant system formed out of the redundant system, there must 
be some function f(a, b, p,q) such that f(4, B, P, Q) and f(a+a,b4+0,p+p,q+q) both 
vanish when f(a, 6, p,q) and f(a’, 6’, p’, q) both vanish. The second condition cannot be satis- 
fied unless f (a, b, p, q) be of the first degree with respect to the letters specified, in which case 
the first condition cannot be satisfied. 


§ 7. Imperfect system, independent of all that precede. Let the laws of combination of 
the symbols, £ », ¢ in the expression a& + by +e, be 


En =n€, Xc., = &, n = —€, C=—€, 
n(=-& C&=" En=¢. 


The product of a& + by + e¢ and @&+b'n+c% is 
faa’ —(b+e) (Fh +e)hE+ fac +eaiynt fab’ t+ baté 


In this system, the properties of the neutral and primary axes, the conventions of sign connected 
with them, the modulus of multiplication, the rule of addition and subtraction, and the meaning 
of the angles @ and w, are precisely as in the system described in § 5. But the product of 
two lines in this system differs from that in the preceding one as follows; the angle made by 
its imaginary axis with the axis of y is the complement of that made in § 5. Or, signifying 
by @ the angle made by [/, 0, p] or a& +by+e¢ with the primary azis, then if [J, 0, | and 
(U’, 0, @’| have the product [L, 0, ®] in § 5, their product is [Z, ©, — ] in the present system. 
Let two imaginary axes be called opposite which are equally inclined to the primary axis on 
opposite sides of it, and let the planes passing through them and the axis of w be called opposite 
planes. Then 4°" is in the plane opposite to that of 4”; A*, 4°, A™, &c. are in the plane of 
A; A’, A*, A®*, &c. are in the opposite plane. Generally speaking 4°"*' is in a new plane for 
every new value of m. But the character of the square roots of — & resembles that in ) 5, and we 


have 
[, 0, pl = LicosO.E + sin O4/,- &} 


= 10030.£ +1sing. ~~ 9 4 dsing + Py 
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The imperfection of this system, as in the former case, consists in the want of the equation 


A(BC) = (AB)C. 


- 


There is a remarkable new consideration, which presents itself in these systems of inverted 
multiplication, as we might call them. When © is an inoperative symbol, that is, when & means 
7 and EC means ¢, the abstract number of common arithmetic, m, may be represented by a line 
&+07+0¢. But, in the case before us, the multiplier m and the multiplier m& are very distinct 
things. The former has only the effect of multiplying the length by m, without altering angles. 
But there is still a line which has the effect of the abstract multiplier m, upon a& + by + c@: 
it is 
b-e 


a 


The product of these two lines is ma + mby+me¢. Now the second line represents a line of 
the length m, on the axis of w; not having its subsidiary point at its extremity, but at a finite 
distance on the neutral plane. And thus it appears that every such line of the form — + py — p¢ 
plays the part of the abstract multiplier 1 to every line of the form a& + by + (6 + ap) c 


c—}b 
me +m—n+m 
a 


§ 8. On looking back to §2, we see under case A, a perfect cubic form with the equations 
of signification 


e = €, n= @=& w=% G&=-& En=-&. 


Accordingly every product is of the form m&, or according to our usual interpretation, must 
be laid down on the axis of v, Look at the quadratic and cubic cases that come under C and D, 
and it will be equally apparent that all products take the form m& + n(n + &) or mE + n(n - 0): 
according to the system: consequently all products come into one plane. It would be easy enough 
to make any number of triple systems, under such a condition. 

The perfect quadratic system under B may be readily developed. Its modulus of multiplica- 
tion is 4/{a* + (6 —c)*} which will require that, in an explanation resembling that of § 5, the 
neutral and primary axes should change places. The line n(» + ¢) is one of no length in such a 
system, and if (y+) be added to af + by + eG, nothing is changed except the position of 
the imaginary axis. Let all the explanations be as in 9 5, “after interchanging the neutral and 
primary axis: then the system before us is complete when we add to the explanations in § 5, 
thus altered, the condition that the product of a& + by +e¢ and @&+6'y + c’¢ is to have the 
addition (65' + ec’) (» + @), giving a certain alteration in its imaginary plane. 

I should have liked to have delayed the present communication until I could have examined 
these and other cases in more detail. But as, owing to the approach of other occupations, any such 
delay must have lasted a year, I determined to send my thoughts just as they are, in the hope that 
others may be induced to pursue the subject. One great point of the interest which attaches to it, 
is the hope that the generalized notions of interpretation which it gives, will be found applicable to 
the common double Algebra, which is at present restricted to systems of linear co-ordinates: and as 
to which, though the restriction is clearly unnecessary, the proper direction of generalization is 
not seen, 


A, DE MORGAN. 
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ADDITION. 


In single Algebra, we use no angles, and, so far as geometrical interpretation is concerned, 
only one dimension of space. In double Algebra, we use two dimensions of space, and the rec- 
tilinear angle. It might be supposed that in triple Algebra we should use three dimensions of 
space, and solid angles, considered as proportional to the areas of their subtending equi-radial 
spherical triangles. I can make no use of these solid angles; but others may be inclined to try 
them: I accordingly give the following results, connecting the solid angles of a system of co-ordi- 
nates with the plane ones. ; 

Let the positive sides of the rectangular axis of w, y, x, meet the sphere in X, Y, Z; let 
P be any point on the sphere, and let the cosines of the angles PX, PY, PZ, be d, w, v. Let 
the spherical excesses of the triangles PYZ, PZX, PXY, be a, B, y: their signs being taken 
so that the equation a + 3 + y =47, which obviously exists when P is inside the triangle YYZ, 
may be permanent. We then easily obtain 


BEN SEA Or SOR NCR A LTDDe 
(1+p)(Q +0)’ WG Piya Lye 

Se ee yee ence ae (1+A)(+2)(0 +r) 

l+sina 1+sin8 1+¢siny (1+A)Q4¢p 040) —-Amv’ 

_204+dA) 0+) (4 v) 
(+A+n+y)? 

AG +A) 4+A+un+ 7) 

(1 +A) (1 +p) (1 + v) 

2(1 + sin a) 
(1 — cosa + sina) + (1 — cos B + sin 3) + (1 — cosy + siny)’ 


cosa =1 


which, since \? 4+ p?>+v=1 


Also, 1 —cosa+sina= 


1+A= 


&e. 


Having since I read this paper in proof, examined Sir W. Hamilton’s system of quaternions, I 
may state that, in my view of the subject, it is not quadruple, but triple, since every symbol is 
explicable by a line drawn in space. His object has been, to secure interpretation, though it 
should cost the loss of some of the symbolic forms of Algebra ; and his success has been of a 
most remarkable character. My object has been to detect systems in which the symbolic forms 
of common Algebra are true, without making any sacrifice to interpretation. The redundant 
biquadratic system in § 4 of this paper has a resemblance to Sir W. Hamilton’s quaternion 
system in some of its formule, and a still greater one in its redundant character. It yet remains 


to be seen what systems exist in which the axes of y and x are not symmetrically related to 
that of w. 


December 17, 1844. 


XIX. On the Values of the Sine and Cosine of an Infinite Angle. By 
S. Earnsuaw, M.A., of St. John’s College, Cambridge. 


[Read December 9, 1844.] 


THE usage of Mathematicians in reference to the symbols Sin & and Cos ¢ does not seem to be 
in accordance with their expressed opinions. It does not appear to be questioned either by English 
or Foreign writers, that when w becomes infinite Sin w and Cos x cannot be said to be in one part 
of their periodicity rather than another. If this mean any thing, it must be understood to signify 
that Sin c and Cos o are indefinite. Yet this is not borne out in the usuage of these symbols 
which we find in the writings of any author. Indeed, an opinion has been expressed that their 
indeterminateness is only apparent, and therefore not real: and that analysis has furnished definite 
equivalents for them by legitimate processes of investigation on principles which are allowed: and 
though some writers on Definite Integrals have abstained from stating in direct terms what are the 
values which analysis assigns to Sin c and Cos «, all agree in practically affirming “that both the 
Sine and Cosine of an infinite angle are equal to zero.” But while we find these values used where- 
ever Sin ¢ and Cos & occur in investigations, we do occasionally meet with expressions of doubtful- 
ness respecting their universal truth. This seems to indicate that in the opinion of such writers 
the values of Sin c and Cos & depend on the circumstances under which they occur; but what those 
circumstances are which have this power over Sin ¢ and Cos I do not find any where pointed 
out. In fact, upon tracing the origin of this doubt respecting the universal truth of the equations 
Sin «© = 0, Cos «© =0, I find that it has arisen from the occurrence of certain results of a character 
so obviously suspicious, perhaps I might say, erroneous and contradictory of evident truths, as to 
create a reasonable doubt of the propriety of writing zero for Sin c and Cos ¢ in those cases. 
But though results have thus forced some writers to doubt respecting the general truth of the 
equations Sin c& =0 and Cos @ =0, it does not appear that they have any where admitted the 
demonstrations of the truth of these equations to be defective. We find ourselves then in this 
difficult position ;—-we have certain investigations presented to us in which there occur no doubted 
steps, and these investigations present us with certain absolute results ;—but the certainty of these 
results thus established by a process of mathematical reasoning, the accuracy of which is no where 
called in question, we are afterwards required to look upon with suspicion ;—and that sort of 
suspicion which while it throws doubt upon every thing affords us no clue for ascertaining what are 
the cases to which alone it ought to be attached. It is obviously desirable that some effort should 
be made to remove this uncertainty. Now some light may be thrown upon this difficulty by 
29 


considering that Sinaa and Cosnwz go through a whole period of values while x increases by — . 
7% 


: Seen : : : : p 
As long as m is finite — is finite, and all the values included in a period are therefore consecutive. 
n 


But what happens when x increases in value? We easily see that as » increases the whole period 
becomes condensed so as to occupy a shorter and shorter portion of the current variable; and 
that when 2 approaches o, the values are no longer consecutive but simultaneous :—hence as x 
increases towards < a whole period of values of Sin aw or Cosw tends to become simultaneous, and 
in the limits are simultaneous: i.e., Sin « has at once all values from —1 to +1; and the same 


(is 


50 Mr. EARNSHAW, ON THE VALUES OF THE SINE AND COSINE 


property belongs to Cos ¢. Consequently according to this view it is not true that Sin ¢& and Cos ¢o 
have each a single value, or any finite set of values definitely; but they each have all possible 
values from —1 to +1 in such a manner and sense that not one of these values is pre-eminent 
above another, and no one has a claim to be put forward above its fellows, but all stand in exactly 
the same relation to the function Sin ¢ (or Cos ¢) so that at one and the same moment Sin ¢o 
(or Cos ¢) is equal to every one of them but not more properly equal to any one than any other 
of them. From this reasoning and kindred reasons of an equally general character, I satisfied 
myself that Sin co and Cos ¢ cannot be replaced by zero, unless under some special hypothesis, 
and that when taken in a general sense they cannot justly be supposed to have definite values at 
all. I shall now proceed to some considerations which are preliminary to a more formal proof that 
they have not the value zero, even when considered as the limits of more general forms. 

In conducting my inquiry into the values of the symbols Sin o, Cos ce, I am unavoidably 
brought upon the confines of the much controverted subject of divergent series. In a certain sense 
which will be explained, I agree with Professor De Morgan that all non-convergent series stand on 
the same basis, though I cannot subscribe to the train of reasoning by which this is usually main- 
tained, involving as it appears to me some disputable positions, Much of the obscurity which 
attaches itself to the subject of divergent series may be traced to the discordant and strange 
significations applied to the symbol =, when used in connection with infinite series. The pre- 
sumption is that when this symbol stands between two quantities it indicates, that either may be 
used for the other in algebraical processes. A very eminent author states that it ‘* may be rendered 
by the phrase gives as its result, when it is placed between two expressions, one of which is the 
result of an operation which in the other is indicated and not performed ;’—an explanation which 
agrees exactly with what Woodhouse states in his Principles of Analytical Calculations, who insists 
upon this definition of it at intervals through his work with an earnestness which indicates the 
confidence with which he regarded it as true. Now if this definition be closely examined it cannot 
be understood to denote that the expressions connected by = differ in any thing but form ; for 
one side denotes that an operation is fo be performed, and the other is the reswlé of the actual 
operation ; if then the operation has been correctly and completely performed, there is no difference 
except in form between quantities connected by =. But an examination of the Principles of Ana- 
lytical Calculations, will not fail to satisfy us, that in giving this definition the author must have 
understood it in some modified sense which he has not expressed in the definition itself. For when 
it is said that “* = is a symbol which serves merely to connect an involved expression and the result 
of an operation,” it is evident that ‘ numerical equality” could not then be, what the author affirms 
it is, a contingent result. But whatever was the sense which the author mentally attached to the 
symbol, it foeaived a principle which necessitated the making distinctions where by ordinary minds 
the difference cannot easily be grasped : for it was found Grapeneible to be consistent without demand- 


5 5 o 1 
ing a license to consider + and —— |as also 
2 2 bal 


an ) as essentially distinct. Now 
1+ e+1 


what difference is there between 2 and 1 +1, except inform? Is not 1 +41 an expression in which 
an operation is to be performed the result of which is rightly denoted by 2? and if so, then by his 
own definition 2 and 1 +1 are algebraically equivalent. I must confess that I cannot consent to 
such distinctions as are here demanded without being satisfied that there is no means of avoiding 
them; and I cannot but suspect that in the present case there is no other necessity for them, than 
what arises from a misapplication of the definition which the author has given of the symbol = 
For if this symbol serve merely to connect an involved expression and the result of an opera- 
tion, it is clearly a misuse of it to employ it in connecting an involved expression and a part 
only of the result of an operation. Let me explain by an example. Professor Woodhouse writes 
1 


- =1-—a+a°—...... Now the operation denoted on the left-hand is the division of 1 by 14+ 2, 
i+’ 
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and according to the definition of =, the other member is or ought to be the result of that opera- 
tion. But we observe that 1 —-v+a?-...... is a series of terms following the same law through- 
out, and shewing no indication of any terms which are not included in this law; yet it may 
be asked, have we any just ground for knowing that all the terms resulting from the division 
of 1 by 1+ @ do follow the same law throughout? Let us examine; if we stop after one term 


. v * . ais 
of the quotient we find tre t= wy if we pursue the division a step further we find 
1 a ; 1 - a 
—— =1-a@4 ; another step gives =1l-a#+a’?- ; and so on. In all these 
1+” 1+a 1+ 1+ 


partial operations we observe that one term of the quotient is an exception to the law followed by 
the others. It is true, by continuing the process, we may push this anomalous term to any con- 
ceivable distance from the beginning of the series, but there is not the slightest indication that 
by so pushing it it will at length cease to be, or become zero: on the contrary, as Professor De 
Morgan justly remarks, by the prolongation of the operation it is removed farther off but not 


destroyed. Consequently, the operation represented by is of a character which can never 
= 


be completely comprehended in any series of terms which follow one law: and therefore, strictly 

speaking, there is no such quantity as the definition requires which can be joined with it by the 

symbol =. Shall we then join it with as much of the quotient as does follow a fixed law? 

It is clear we cannot without violating the terms of the definition. When therefore we find 
1 


=1-a4+4a’—...ad inf. without an implied remainder, we are at a loss to understand in what 


1+ 
way this use of it is reconciled with the meaning attached to the sign = in the definition. Yet 
it is certain, that most eminent writers do use the symbol = to connect a function with a series 


every term of which is supposed to follow a fixed law, as though the operation denoted by the 
function were capable of being represented by such a series of terms. Still, though it is thus 
rendered evident that the usage has not been sanctioned by the definition, the discrepancy is 
not very important in itself, seeing that an alteration may be admitted into the definition which 
shall make it agree with usage. The definition may then stand thus;—the sign = is used to 
connect an involved expression with the result of an operation as far as it is expressible in 
terms which follow a fived law. The really important point now to be examined is, whether 
that portion of a result herein included will in all cases represent, for algebraical purposes, the 
properties of the expression from which it was derived. If it will so represent the expression, 
then for algebraical purposes series of all kinds, whether convergent, periodic, or divergent, will 
stand on the same basis, and their use in all cases be equally safe. I need hardly say that 
this is a much disputed point, which has been warmly attacked and defended. I am induced to 
venture into the field on the side of the assailants from having observed that its advocates have 
defended the use of non-convergent series on grounds some of which are capable of being easily 
shewn to be fallacious: and though I cannot bind myself to the justness of all the arguments 
which have been opposed to them even by the most eminent and skilful analysts, I yet think there 
are sufficient reasons left to justify us in rejecting non-convergent series when in accordance with 
the above definition their remainders are thrown away. 

Now according to the definition above proposed, it is evident that an invelopment and its series 
are not equal, (they differ by the remainder) the question is, are they equivalent? does the series 
embody all the algebraical properties of the invelopment, and no more? The discussions which 
have been so earnestly carried on with the view of arriving at a satisfactory settlement of this 
difficulty have not yet elicited any unanswerable arguments on either side: at any rate they have 
not been of such a character as to set the question at rest. Though I do not presume to hope that 
what is here brought forward will have the effect of satisfying those who entertain the opposite 
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views, yet something may perchance be said which will in abler hands be made useful in settling 
some of the difficulties which beset the consideration of this perplexing subject. 


1. The ground on which I would reject the use of non-convergent series is a conviction 
that such series may have some algebraical properties which their invelopments possess not, and 
may lack others which the invelopments have. For series of ordinary forms I think I shall be able 
to prove the truth of this as satisfactorily as such an intractable subject as an infinite non-conyerg- 
ing series admits of. 


2. Let us notice first, that there is a presumptive ground of suspicion of the truth of this (viz., 
that the algebraical properties of a non-convergent series are identical with those of its invelop- 
ment) in the rejection of the anomalous term (the remainder) which if preserved would certainly 
render their (numerical as well as) algebraical properties identical. Has the remainder no alge- 
braical properties? If it has, then it will hardly be believed without proof, that in throwing 
it (and with it its properties) away we have not destroyed the algebraical equivalence which by its 
means existed between the invelopment and the series. I will endeavour to illustrate my meaning 
by instances. 

3. It admits of no doubt that including the remainder the equation }=1-1+1-14+ 
ad inf. is strictly true. We are to examine whether this is algebraically true if the series be 
taken without its remainder. Denote the sum of m terms of the series by S,,; then it will be found 
that for all values of », S,,= 82. This equation being strictly true may be made use of in any 
algebraical operation : and as it is true however large be the value of m, it is impossible to refuse to 
admit that .S,, = S2 is a property of the infinite series. Hence }, not being a root of this equation, 
does not enjoy this property which the sum of the infinite series does enjoy, viz., that it is not 
altered in value by being squared, 4 is the sum of the series inclusive of the remainder, and S,, is 
the sum of the same series exclusive of the remainder. Hence the rejection of the remainder has 
altered the algebraical properties of the symbol by which the series is represented, 


4. But the algebraical importance of the remainder may be rendered still more striking, and the 
F : iia, Sn oe . : ‘ BEER : 
impropriety of rejecting it put in a stronger view. For if any proper fraction 5 be put in the form 


1+1+1+... to @ terms 


ON ae a ear it will be found by the ordinary process of algebraical division that 
+1+ ... to b terms 


1+1+1+4... toa terms 
=a 1 cect 
1+1+1-+... tod terms 


Now many persons have found it difficult to reject } as the algebraical equivalent of 1-1+1—-.., 
because by ordinary algebraical development this series ad infinitum can be obtained from 4. 
It is here shewn however that the very same process which elicits the series from } would serve to 
elicit it from any proper fraction whatever: and this being so, by what distinguishing property 
are we to be guided, so as to be able to select amongst all proper fractions some one particular 
value as the equivalent, the wnique equivalent of the infinite series? If 4 be selected as embody- 
ing all the algebraical properties of the series, surely we must admit that for as good a reason 
c : . : . a * 

Fe embodies the whole of its properties; and thence we cannot avoid allowing that } and 5 are in an 
v) 

algebraical sense equivalent fractions, 


5. But it is said in special favor of } that from whatsoever more general series 1—-1+1-—... 
be deduced the symbolical equivalent is always found to be 4. If deduced, for example, from 
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1+0 +24... 4%) 
1+a+a?+... 27} 


1—w+a°—... by writing 1 for w the sum is 4. Now let us turn the fraction 


into a series by the ordinary process of division ; the result is, (6 > a) 
1+v+...q@ terms 


a SS FOE ee 
1+a+...6 terms 


This series differs from 1 — x + #—... only in being more general, for it includes it as a particular 
case (viz.. when a=1, and 6=2). If then it be lawful to write 1 for 2 in 1—#+2°-... it 


is equally lawful to do so in the more general case: which being done we have = 1-1+1-... ad 


infinitum. Here then is “a well-established instance in which 1 — 1 + 1—... means other than 4;” 
shall we say with Professor De Morgan, one such instance throws ‘doubt on all that Poisson and 
Fourier have written 2” 


6. It will hardly be considered necessary to defend a system which requires us to receive as a 
legitimate consequent that all proper fractions are algebraical equivalents. I apprehend therefore 
the last article but one will be sufficient to shew that in numerical forms of series the ability of an 
expression to furnish by legitimate expansion a proposed series is no presumption that the two 
are algebraically equivalent. Here then is fair ground for suspecting the existence of some grievous 
violation of just reasoning in depriving an infinite series of its remainder, i. e. in supposing that by 
pushing an expansion in infinitum the anomalous terms may be disregarded. In converting the 


1+1+1+... @ terms 


expression into a series we observe that for all values of a and b (a <b) the 


1+1+1+... 6 terms 
series of quotients are the same, and the various cases are distinguishable only by their remainders. 
The distinctive properties then of these proper fractions by the process of development are not 
thrown into the quotients, but are preserved in the remainders. How then shall we reject the 
remainders in any equation which professes to exhibit the equivalence of its members ? 

But there is yet another proof, which I shall now offer, that neither 4 nor even any proper 
fraction whatever can be the proper equivalent of the series 1 — 1 + 1 —...... 


7. In perusing what has been written upon this series, we cannot but perceive that some authors, 


=1-—#+a’...... as an equation admitted on all hands to be true when w is 


setting out with 
l+@ 


less than 1, have argued that, being true when @ is less than 1, however small 1 — x may be, it must 
needs be allowed in the limit. If the premises are true, I do not see how we can refuse to allow the 
conclusion. But it is obvious the premises assume that the series is convergent towards 1—1+1-... 
when 1 — wv is indefinitely small; is this true? If it is, I admit that 4 is the equivalent of the series 


1—1+41-—... in as good a sense as 7 is the equivalent of the converging series 1 — 7 + w°-... 


wv 
Mr. De Morgan questions this; but I see no objection in it which would not, if admitted here, 
overturn the whole fabric of the Differential Calculus. But we have to answer the question asked 
above, is it true that the series 1 -w+a?—a'+... is convergent towards 1—1+1-—... as its 


limiting form when 1 — w is indefinitely small ? 


y 


then when 2 approaches infinity, 
n : 


8. Let y be any finite quantity, and assume 1 — # = + 


1 - w will be indefinitely small; but then limit of x = limit of (1 = *) = e*’, the upper or lower 
n 


sign being used according as w approaches 1 from inferior or superior values. Here then is a proof 
LL2 
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that the terms of the series 1-aw+a°—... at an infinite distance from the beginning do not 
converge towards 1 as their limit, but to one of the indeterminate quantities e~” or e*”; the values 
of these depending upon the law under which aw approaches unity. Who shall prescribe this law ? 
Surely it is (and must be left) arbitrary in the fullest sense of the word. It is not true then that 
the converging and diverging forms of 1 — a + xv —... approach the same form, viz. 1-1+1-—14+4... 
ad infinitum, as their common limit. For the limiting forms both of convergency and diver- 
gency are arbitrary, yet so restricted that they never can mutually approach so near as to be 
separable by only a single form: for e*” never can approach so near to e-” that only unity lies 
between them, because y is necessarily finite, i.e. neither indefinitely large nor indefinitely small. 


9. 'The unavoidable inference from the last article is that 1 —-1+4+1-—.., is an isolated form 
of 1 — x +.a°-...... and separated from the limits of continuity on either side by a finite interval. 
For the same reason it is an isolated form of 1 — #* + av —att>4y9_ .., Let it now be admitted 


that 


is the equivalent of 1 -# +a°—... ad infinitum, then it will follow that 
i+” 


1 ¥re 5 
limit of ; = limit of (1 -w7+a’-...) 

av 
But limit of (0 —v+a°—...) isnot =1-1+1-—...... 


.. limit of isnot =1—1+1-... 


d 


. . . . . a . 
This then is the proof that } is not, (and in a similar way it would follow that 5 8 not) 


the proper equivalent of 1-1+1-—...,.. even assuming 


rt to be the proper equivalent of 
@ 


1+ 2" 


1-—av+a2?—...... It is easily shewn, since SM Pit — oni. a2, LenS att 4 (1 £e*’) is 


+a 
= limit (1 — # + a - 2° +... ad infinitum), which is therefore indefinite. 


10. Ina paper “ On Divergent Series” by Mr. De Morgan, there is a remark which shews the 
important bearing of the results obtained in the preceding articles. “ It is clear enough,” writes the 
Professor, “from the manner in which Fourier, Poisson, Cauchy, &c. use the limiting form 
1 —1+1-... that they intend it to signify } in an absolute manner. The whole fabric of periodic 
series and integrals, which all have had so much share in erecting, would fall instantly if it were 
shewn to be possible that 1 — 1+1—... might be one quantity as a limiting form of 4,-4,+4.—... 
and another as a limiting form of B, — B, + B.- ...”. I object, of course, to the assumption that 
1 —-1+1-—... is a limiting form of the series alluded to; but passing over that, it is shewn above 
that 1 —- 1 +1-—... when taken as a form of 1 — a + a —..., which it certainly is, may be one 
thing or another, according to the values arbitrarily assigned to a and 6. Indeed it is stated 

1 
mei 
Woodhouse either did not observe this evident contradiction, or must have got over it by the 


1 
in Woodhouse’s Anal. Calc. p. 61, that!-1+1-—1+... » as well as = ai But 
+ 


mystical maxim that Tae not = 4, and is not = 4; which is perhaps the case, for in a 


1+1 


note he considers that Euler, Leibnitz, and Waring had fallen into a mistake by making ae 
+ 
iH ‘ ; : ° . 
&e. =4, 1, &c. However, passing by this doctrine, it serves the purpose for which I 


1+1+1 
quote it, for it exhibits Woodhouse as testifying to the propriety of taking 1-1+1-—... to be 


: é : ; - 1 
a form of the series 1 — 2 + a*°- a'+... which arises from the expansion of ; 


ee = - In fact, 
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to this also Mr. De Morgan has given assent where he assumes that 1 - 1 +1—... is a form of 

1-a'+at—a°+a"—...,... I have brought forward these testimonies, because it is not very 

unusual to cast a mantle of mystery over this subject, by introducing zeros into the expansion of 
1 


aT But such a device, however much it may serve to satisfy the eye, cannot satisfy the 


1 . : 
head: for Pee gives 1—#+a°—a'+..., there being no terms between @ and 2°, a‘ and a", 
+Ut 


&c., in this, which is the general form of the series; and consequently it is not allowable to write 
1 


14+1+41 
any difference in the sum of the infinite series: and if they make no difference, why introduce them ? 


=1-140+4+1-1+0+..., if it be intended to insinuate thereby that the zeros make 


11. On principles therefore which are allowed, and used by the writers quoted, it is established 
that 1-1+41-—... has no definite equivalent, in the sense in which this word is generally under- 


stood. I think also it is proved, that is in no proper sense the equivalent of 1 -w+a*-..., 


1+@ 
except when this series is convergent. For that the two expressions may be equivalent to each other, 
it is essential that each should exhibit the same degree of indeterminateness of value in particular 
cases, and the same kind of discontinuity: but, as we have seen, there is no such agreement: on the 


1 — = 
approaches towards 2 as its 


; x 1 
contrary, while it is admitted that, as # converges towards 1, ae 


unique limit, it is here shewn that the other member of the assumed equivalence approaches towards 
an indeterminate form of an ambiguous character, and absolutely refuses to approach in any case to 
1-1+1-... asa limit of continuity. 


12. It is not the purpose of this paper to treat of Diverging Series in general, but only of the 
recurring form 1-—1+1-—..., and of this only because it has been connected with the values 
of Sin «© and Cos «, yet as the method above employed is applicable to the general form 
Px = a,x + a,v* + ,..+a,v"+... I may state that the same mode of reasoning when applied to 
this, shews that pa does not embody the algebraical properties of the series, unless the value of «, 
and the form of the coefficients, be such as to make a,” tend to zero as its limit when m and y 
approach ©. Series which satisfy this test I call convergent series, whether the arithmetical sum 
thereof be finite or infinite: and all such series are distinguished by this property, that their invelopes 
may be safely used as equivalent to them in every sense both algebraical and arithmetical. 


13. From this it is evident, that the operation of integration performed upon a series will often 
(not always) have the effect of removing its discontinuity, and establishing a real equivalence though 
none existed before. And so the operation of differentiation will not unfrequently have the effect of 
introducing discontinuity, and destroying equivalence. 


ao 


polls though we may not 


Hence we see why we may put 1 for a in log, (1+) =«—— 


=1-—a+2°-... from which it was derived by integration. 


write 1 for x in 
1+wW 


14. But, in pursuance of the object of this memoir, it is time now to turn to the series 
1 — Cos @ + Cos2@ — Cos 39+... which has been assumed to be a form which can approach 
1-—1+1-—...... as a limit by diminishing @ towards zero. Now assume y to be any arbitrary 


finite angle, and put @= + = which will be indefinitely small for the terms where 7 is infinite. 


Hence in such terms Cosn@ = Cos+y= Cosy= a finite quantity, not equal to unity, because y 
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cannot be equal to zero. Hence the terms of this series at an infinite distance from the beginning 
are subject to discontinuity, and cannot be made to approach 1 as their limit; because if @ differ 
ever so little from zero there will always be a term so distant from the beginning as that 76 is 
Jinite; that term and all following ones will not approach 1 as their limit. Consequently 1-1 +41 -... 
is an isolated form of 1 — Cos@ + Cos 20 — ... 


15. It is not necessary to repeat, in reference to this series, what has been already said upon 
1-—wv+wa°—...3 it is sufficient to remark that all results are nugatory which have been obtained 
upon the supposition of 1 — Cos @ + Cos20@—... approaching 1-1+1-—... as its limit as 
§ changes continuously towards 0. I might here add remarks in reference to the series 
a, + a, Cos 0 + a, Cos20+... +a,Cosv@+... parallel to the remarks in (12) and (13). 


16. Since it often happens that by integration as remarked in (13) a real equivalency is 
established, it is not unusual to find such series cited as confirmations and verifications of the 
propriety of the equivalency assumed to exist before integration. From what has been proved 
above however it is evident that such verifications are of no value, and do not in any degree justify 
the inference sought to be drawn from them. 


17. I come now to examine the limiting values (if such there be) of Sin w and Cos # when 
v approaches co. Asa preliminary step it is proper to remark, that o is an indefinite symbol : and 
when it is said that # approaches ¢o as its limit, we are not to understand that 2 approaches towards 
some definite value, but merely that it approaches to a value of which we have no other property 
than this, that it is greater than any finite quantity. Yet there is such a thing as a restricted ©. 
Thus, if # be an odd multiple of z by the nature of its definition, this restriction will not hinder its 
becoming infinite ; yet then the symbol < will be specific ; and accordingly it is possible that under 
such a condition definite results in certain cases may be obtainable. 


18. The above remarks respecting the essential indefiniteness of the symbol ¢ will enable us 
at once to reply to some questions which have been found perplexing. The question has been 
asked, is the series P, — P, + P; — Py + ....0- ad infinitum equivalent to the series (P, + A) 
—(P, + A) + (P; + B) —(P,+B)+... ad infinitum? This has been rightly answered in the 
negative; but on erroneous grounds. The true reason is this: the terms 4, B, C ... are introduced 
in such a manner as necessarily involves the notion that © is an even number, and therefore it 
creates an error unless it have been stipulated that co is an even number. As from the nature of 


an infinite series no stipulation of this kind can be allowed, we are justified in saying that the two 
series are not equivalent. 


19. If a be defined to be a term of the series 0, 2, 4, 6 ..., then Cos ww = Cos 0° when w= & ; 
but if @ be a term of the series 1, 3, 5, 7..., then Cos aa = Cos 7 when w = ©; but if w be defined 
to be a term of the series 0, 1, 2, 3, 4..., then it cannot be affirmed that w is an odd number, nor yet 
that it is an even number. To say only that w is a whole number, is to express oneself in a way that 
requires the result to leave the question as to whether @ is odd or eyen undecided. Hence in this 
case we cannot say that Cos © = Cos0°, nor yet that it = Cosa; but we must express the result in 
such terms as leave undecided which of these two is the value of Cos «; for to select one of them 
and reject the other would narrow the restriction laid upon a by its definition, by deciding that it is 
not only an integer, but that it is a specific integer. Hence then in this case Cos © = Cos 0° or Cos + 
indeterminably. 

This mode of reasoning can be extended without difficulty to the case where # is a continuous 
variable, and it leads us to this result, that on this hypothesis respecting the nature of w, Cos © 
(derived from Cos# by supposing # to approach towards ©) is equal to the Cosine of any angle 
from 0° to 2a indeterminably. When I say indeterminably, I mean to say that we cannot fix on 
one of these angles and reject the others without violating the generality of the hypothesis: should 
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we for instance say that Cos © =0, the selection of this particular value would be equivalent 
to narrowing the hypothesis respecting «x, as it would restrict v to be an odd multiple of = , and con- 


. hoe POR Lt es ene : 
fine its variation to the terms of the series gt gag 6 Seaees similar observations may be made 


respecting Sin ©. 


20. It is also very important to remark that Sin aw and Cos az do not cease to be functions of 


a when wv approaches © . 
: 1+ Cos 2a\3 , Ate 
For since Cosa = + (=) , it appears that Cosa has an ambiguity of value of which 


Cos 2a does not partake. We may follow out this mode of reasoning to shew that Cos 2 and Cos aw 
have not the same number of corresponding values, and that if the value of one of these were given 
the other would not be determinable from it except in an ambiguous form. Whatever indetermin- 
ableness attaches itself then to Cosa when aw approaches ©, the same, and also another kind of, 
indeterminableness belongs to Cosaw at the limit. We are then particularly to take notice that 
Cos © derived from Cos« may not be written for Cos < derived from Cosax. Much error has 
arisen from want of attention to this caution, Also Cos aw cannot be considered independent of a at 
the limit # =@ , inasmuch as it is subject to two causes of indeterminateness which are distinct from 
each other. 


21. Having thus given my reasons for considering that Cos © and Sin have not definite 
values, it may be proper to examine the proofs which have been brought forward by those who have 
used definite values for Sine and Cosce. The following is the most direct proof I know of: 


o. f° Sinadax = (7 + "+ 2" +... ad infinitum) Sinvdz; 
“. 1-Cose =2-2+42-... ad infinitum =1; 
«. Cos © =0. 
To this proof there are two objections, either of which is fatal to it. In the very first step it is 
assumed that © is an integer multiple of 7. For this assumption there is certainly no autho- 
rity, neither is it compatible with the indeterminate nature of the symbol @ in the left-hand 


member of the equation. The next error is made in the summation of the infinite periodic series 
2—242-—..., which I have shewn in the previous articles of this memoir cannot be equal to 1. 


22. As the reader may wish to have a further proof of the error of principle involved in 
the first step of the above investigation, let him see the effect of a different distribution of © into 
parts in the following process of reasoning, in which the question of summation of series is avoided. 


2n 


dn 2 
[7Sina da =( [3 + fe + far + vease. G0 infinitum) Sin vw dx 
0 3 3 


3 = Se am 
=> (fi + de - fre Se infinitum) Sinw dw 
“ 0 = = 


StF. 
=f Sinadw; 
2 .u] 


Il 


~. f[° Snade=1-—Cos@=0, .. Coso=1. 
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It is for those mathematicians to reconcile these conflicting results, who maintain that providing 
the last limit of # be ¢ it is no matter whether it be a specific ¢ ora general ¢. The dis- 
tinction is of first-rate importance in periodic functions. I think I am fairly entitled to affirm that 
specific values for Sin ¢ and Cos ¢9 are obtained by such processes as that in (21), only because 
those very processes assume at the outset a specific form of o. 


23. The next proof which I shall examine depends upon the principle of continuity «that 
what is true up to the limit is true at the limit.” It is as follows: 


—azr 


Since fe-** Sinwda = — 
1+a 


(Cos aw -++ a Sin 2) ; 


‘ t 
[ex Sinada= ————- 
1+ a’ 
This being true for all positive values of a, no matter how small, is taken to be true in the 
limit when @=0, which gives (since e~** then =1 for all values of 2) 


fe * Sinadx =f Sinadax = 1; 
sts OSRCON =) Os 


24. To this investigation I have two objections to bring forward. The step which assumes 
that e~°* = 1 for all values of wis not true at the limit # = co, for however small a become aw 
will be finite and arbitrary or infinite when «= ©. Hence as we diminish @ towards zero e~“" 
approaches, not to 1 as its limit when # = oo, but to e ” an arbitrary value depending upon 
the relative laws with which w approaches ©, and a zero. Now it is absolutely necessary in the 
above proof that for all values of # between zero and «©, e~** should be equal to 1; and as 
this is not a true hypothesis, the proof fails. 


-ae 


° ante Q 5 . ‘ e 
Again, it is essential to the above investigation that — should be the value of — 3 ; 
2 aa 
(Cosw + aSina) between the limits e=0, #=¢. But this will not be the case unless e~*” 
vanish when «=. Now I have just shewn that when a is made to approach zero e~*" 


become e~’ at the limit =. ‘This step therefore of the investigation is erroneous, and the 
proof fails. 

Let us look at the first written equation in (23), and endeavour to answer these questions ; 
can e-"* in the left-hand member be always =1, and yet in the right-hand member = 0, when 
w= ? If «=o make e“*=0 in the right-hand side, what can prevent the same being true in 
the left-hand side, seeing that the values of w are simultaneous in both members? Here is a 
plain contradiction of hypothesis in the two members of the fundamental equation the consequences 
of which no explanation can remove: and as both hypotheses are required to be true together 
to enable us to obtain the final result Cosco = 0, I conclude that this result is not proved to 
be true. I think upon examination of the steps of the proof in (23) the reader will admit, 
that it is conducted upon the supposition that, as @ varies from zero to ©, e~“” remains constant 
on the left-hand, and decreases from 1 to 0 on the right-hand. 


25. ‘These are the usual proofs that Cos ¢ = 0; and it is not necessary for me to examine 
more, as all that I have met with involve erroneous reasoning of a character similar to that 
noticed in the two above given. Before concluding I wish however to notice one or two other 
cases in which great caution is necessary in managing the symbols Sin c and Cos ©. 


® Sinax 


26. The first which I shall notice is ih dx, which has been said to exhibit some 


0 & 
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; 7 man. P 
singular anomalies. It has been asserted to be equal to 5 12 result which is manifestly sym- 


bolically erroneous, seeing that it does not change sign with a, a property which the expression 
to be integrated shews must belong to the true integral. Such an objection as this would be held 
to be fatal to a result in other branches of analysis, and I am at loss to conceive why it has 
not been allowed the same force in this. It is true a proof has been offered that the integral ought 
to be independent of a; but if any thing can be inferred from that proof it is that the 
integral ought to be indefinite in every case. The proof alluded to is as follows: 


Sin aw Sinawx Sins 
Since dz = ——— d(az) = dz, 
av au z 
» Sinaw © Sins © Sinw 
% sf de = [ dzx= [ da: 
f x ! z js v 


whence it is stated that the value of the integral is in every case the same as when a=1: yet 
as I have said before, this inference is evidently erroneous when —a is written for a. The 
probability is that the true integral is such a function of a as is constant for ordinary values of a, 
and changes sign with a; I say ordinary values, because it is easy to shew that the transformation 
fails as a@ approaches zero. For since the equation aw =x must be respected, by means of 
which the transformation is effected, this shews that were a to become indefinitely small, x would 
not be o> when w approached ¢; but in that case the limits for x would be 0 and y (y being 
an arbitrary finite quantity). Consequently as a approaches towards zero, the integral approaches 
towards an indeterminate form as its limit. 

The value of the integral when a= 0, would therefore seem to be isolated; and cannot be 
inferred from the above transformation. Expressed in a series the required expression for the 
integral is 


(a )° (a ow)? 
aco—i. re 
Sep TiS A Giine bar ls: DAS 


which confirms the preceding reasoning in the case when @ approaches zero. 


: . : 2 Cosba é 
27. The next case which I shall consider is vi - - dx, which has been stated to be 
oo 


ba a 


Tv Tv 
= . Or b . . . . 
a. > = s € . a 
equal to ——e~"" when 5 is positive, and to —e"* when b is negative. As in the preceding case, 
2a 2a = 


so here, the symbolical inaccuracy of the integral brought forward is sufficiently indicated by 
the acknowledged necessity of empirically changing the form of it. As the erroneous principle 


by which this result is obtained has found its way into a great number of other integrals which, 
as well as this, are vitiated and rendered erroneous by it, I shall endeavour fully to expose it. 


28. Denoting the required integral by P, we find 
Sin(6.0) Sin(b.c) 
i ae 


In the usual process, the last member of this equation is assumed to be zero: and with regard 
to the first term of it that assumption may be allowed; but the last term of it, it has been the 
’ object of this paper to prove, is indeterminate. It is also to be remarked, that this term forbids us 
to make 6 approach towards zero, because when 6 is indefinitely small the right-hand member 
approximates to co. Yet regardless of these cautions the right-hand member has been put equal 
to zero, and the value of P has been then found by integration to be 


P= Ce*? Cas”, 
Von. VII, Parr TIT. Mm 


d,P —a°P=- f° Cosbada = 
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The first term of this integral has been put equal to zero on the ground that b= @ would 
make P= were this term allowed to remain. (I shall shew presently that it is not allowable 
to putb= @). The value of C’ is then found by putting b = 0, the very supposition which must 
necessarily render the result erroneous, seeing that d;P —a’P is then equal to «. I infer there- - 


fore that there is no certain ground for writing an for C’; as little indeed as there is for rejecting 
a 


the term Ce’, In fact, the given function being unchanged when — 6 is written for b, the inte- 
gral must possess the same property, which gives C = C’, and therefore we ought rather to write 
P=C(e" +67). 
29. I shall now endeavour to shew that we may not put b= @ in the value of P. 
It is easy to shew that 


(@+a) a@+a fa=0- 


d;(aP) - b°'(aP) = ce Cosba _ abSin =| a= 0 


For all finite values of b the right-hand member of this equation vanishes: but when b= c 
Byes : nec 
the term = Sin (6.0) cannot be put equal to zero; this term corresponds to the limit = 0. Also 


2 Cosbha 
a + a 
put 6=0. Hence if we put the right-hand member of the equation equal to zero, we are to keep 
in mind that that step involves a prohibition against putting } either equal to zero or «9. Exclusive 
then of these values of b, we have 
d;(aP) — B’(aP) =0; 


and «. aP = Be” + Be~™, 


the intermediate steps by which this equation is obtained from P = if dx forbid us to 
0 


For the same reason as before, B’ = B; and by comparison of this with the value of P (admit- 
ting that value to be correct for the present), found in the last article we learn that B is inde- 
pendent both of a and 6, 


B 
Gy Pee ab —aby | 
AG ies) 


How B is to be determined, I know not, seeing that it is not allowable to put 6=0, which is 
the usual plan. 


30. There is great advantage in forming two distinct differential equations for P, as we may 
learn from one of them something which may assist us in managing the other. In Art. 29, we 
have seen that, subject to the condition of b being finite, we have strictly d;(aP) — b°(aP) =0: 
but this condition will not allow us to strike out the right-hand member of the equation in (28). 
This shews that B and B’ in (29) are functions of b; and (29) shews that C, C’ in (28) are 
functions of a. 

In strictness then we ought to integrate the equation 


di(aP) - B(aP) = - ;sin (be ). 


He c (et 4 om) 4 exit fe Sin (bee dd | eS is Sin (bo )db_ 
a 


a b a b 


C being an absolute constant, the value of which I know no means of determining. 
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31. It is not necessary to examine other instances of definite integrals the values of which, as 
they have hitherto been obtained, I believe are not to be relied upon. They involve either the 
notions that Sino = Sin(a.©)=0, Cos = Cos(a.c) =0; or else depend upon the sum of 
the series 1-1+1-—...... being =4. The classes of definite integrals free from one or other 
of these errors are very few in number, not including some of those which analysts have evidently re- 
garded with especial favor. It will be evident, if what has been written in the preceding pages 
be allowed, that nothing could be more troublesome than the very general adoption of 0 and 
as limits of integration when trigonometrical quantities are involved. The expansion also of 
functions in the form of series of multiple angles seems in very many instances to be attended 
with much uncertainty, on account of the fact that Sinmw and Cosnw become discontinuous 
when 7 is c: and Fourier’s celebrated theorem, that any function whatever can be developed in 
a series of Sines and Cosines of multiple arcs, I regard as being fallacious in all cases where 
the coefficients do not converge to zero as n becomes ¢. As an instance, I have no doubt that 
4 is not equal to1 + Cosa + Cos2w + Cos 3u+ ...... for any value of # whatever. But this is 
too wide a field to enter upon in this paper, the object of which is to shew that Sin ¢ and Cos 
are not definite quantities, and that Sin (ac), Cos(ae) are functions of a. 


32. Perhaps it may be proper to add something in explanation of what is said in (26), 
«® Sin an 


respecting the integral J 


dw, that it is such a function of @ as is constant for ordinary 


values of a, and changes sign am a. This requires that a distinction should be allowed between 
arithmetical values and symbolical forms; and such a distinction must be allowed, if any operation 
2 Sinaw 


with respect to a is to be performed on the expression i dx. An example will best 


: t) a 


explain what is meant. 
In Fourier’s Theory of Heat, we find the equation 


7 
47 OY — F Cos 8y + F Cos Sy — soe se 

This equality is established (pp. 167—174) by a method which is remarkable for its exhibiting 
no symptoms of the existence of failing cases: and hence it is with surprise we read soon after, that 
the left-hand member changes its value when y is comprised between certain limits. Guided 
by the investigation which pounce gives of the sum of the series Cos y— 4 Cos Sy + ...... we 
could have had no suspicion that the result is erroneous in any case; yet it is ‘manifestly erroneous 

5 Tv 3a ‘ ° p wT. 

when y lies between = and —. Hence the inference is plain, that the value Pi not sym- 


“a ~ 


bolically correct, because it does not contain y, of which the proper form is obviously a function. 
The author, at page 208, proves that 


- Cosy ds ue E ee 2 
J tan Wee = S| = e~* Cosy — te-** Cos3y + Le-** Cos dy — oe... 


And consequently, admitting the propriety of putting #=0, we obtain 


3 tan-' (200 Cosy) = Cosy — 3 Cos 3y + 1 Cos Sy — ...... 
Now from this it is obvious that } tan~' (2c Cos y) is numerically = z for non-critical values of 


¢ ae T i ’ é 
y, whenever Cosy is positive; and equal to — — numerically, whenever Cos y is negative. 
Y ; q, mn > s 
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It appears from this example that, as has been before remarked, a ¢, which for distinction I call 
a symbolical ¢, is not to be confounded with c, a mere arithmetical infinity: for the former 
ceases not to be a function of a. 


wait, 0! »Sinaz, ., ; « Sine 
In (Art. 26.) then when it is said that ai dw is not symbolically equal to if dx, 
h v Cee 
the assertion is grounded upon this distinction between aco and 3; and it is manifest that in 


» Sinaw 


this case, supported as it is by the example quoted from Fourier, if 
0 


dx is symboli- 


« Sina 


cally a function of a, while f dw is not a function of a. This distinction between a ce 


ere) 

and ¢ is of great importance in all definite integrals where the results are understood to be 
symbolically exact ; as they are always supposed to be when they are made use of in obtaining from 
them other definite integrals by differentiation or integration with regard to parameters. It will be 
very obyious to any one who examines the definite integrals which have been published, that many 
of them have been obtained without sufficiently observing this caution with respect to symbolical 
exactness. 


S. EARNSHAW. 


CAMBRIDGE, 
November 9, 1844. 


XX. On the Connexion between the Sciences of Mechanics and Geometry. By the 
Rev. H. Goopwin, Fellow of Caius College, and of the Cambridge Philo- 
sophical Society. 


[Read February 10, 1845.] 


1, IT is well known, that the first step in proving the elementary propositions of Mechanics 
is usually to explain that for the purposes of demonstration forces are represented by straight 
lines, and so simple a step does this appear to be, that it has been complained that students 
frequently do not perceive that they have passed a distinct boundary-line in their transition from 
Geometry to Mechanics. It becomes therefore a matter of interesting inquiry, what is the ground 
of the connexion between the two sciences? is it merely conventional? or only partly so? or not 
at all? Is the substitution of lines for forces to be looked upon as a mere ingenious device, 
or has it such a natural basis in the reality of things, as to force itself in one form or another 
on the mind of every one capable of appreciating the subject? This is the question which 
I propose to examine, 


2. Let it be observed then, that an indefinite straight line is merely the expression of the 
idea of direction: the idea of direction is a pure idea capable of no simpler expression, and, as 
I think, obviously not acquired from experience: no child ever walked from one point to another 
by a roundabout path, until it discovered that one path was shorter than any other; there might 
be a difficulty about understanding what was meant by a straight line lying evenly between its 
two extreme points, but about the fact that you would go in one determinate direction from one 
point if you wished to go to the other, there could be no doubt at all. I hold, therefore, that 
the idea of direction is a pure idea, independent of all experience, and that all definitions of a 
straight line are attempts, accompanied with more or less success, to give verbal expression to 
this idea*. 

And so when I draw a mark on paper which I call a straight line, this is a method of re- 
presenting rudely to the eye a certain direction, it enables me to speak of that direction 
intelligibly and to reason about it, the reasoning of course referring not to the mark on the 
’ paper, but to the ideal line or direction of which that mark is the visible memorandum. 

When we speak of a finite straight line, we limit the idea of mere direction by introducing 
the new one of magnitude. The idea of magnitude is merely that of comparison of one 
quantity with another, and a straight line of certain magnitude is represented by taking two points 
on a given indefinite straight line, such that the distance between them is so many times greater 
than the distance between two standard points. 

Thus a finite straight line given in position is the expression of the combined pure ideas 
of direction and magnitude ; and a mark on paper standing for such a line is the exhibition to the 
eye of these two ideas, 

And hence, further, we may say that all propositions concerning indefinite straight lines are 
deductions from the pure idea of direction; all propositions concerning finite straight lines not 
given in position are deductions from the pure idea of magnitude; and all those concerning finite 
straight lines given in position are deductions from these two pure ideas combined, 


* See Note (A). 
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We may put what has been said in other words by asserting that all properties of straight 
lines are functions either of their direction, or their magnitude, or both; a straight line has no 
other elements than these, and therefore every thing which is predicated of a straight line is 
predicated simply in consequence of that straight line having a certain direction and a certain 
magnitude. 


3. Now from this point, I think we can see a simple road into Mechanical Science; for if 
there be anything physical which depends on no other elements, than those of direction and 
magnitude, there is no reason why a mark on a piece of paper should not stand for this physical 
embodiment of the two ideas as well as for the geometrical: and further, if there be anything 
physical, of which it can be predicated that it has no other elements than direction and magni- 
tude, then all propositions which have been proved for straight lines will have their corresponding 
propositions, in fact will be true with a change of phraseology, in physics. 

In devising a method therefore for representing to the eye the forces on which we reason in 
Statics, the question is not whether a force can be conveniently represented by an ideal straight 
line, but whether a force has such qualities that the same representation which serves for demon- 
strations respecting straight lines, will also serve for demonstrations respecting forces. 


4. Now when we come to examine a Statical force, we find that it does involve, or rather it 
is a physical expression of, those two ideas of direction and magnitude, and of no others. For 
we measure a Statical force by the pressure which will counteract it; and what are the questions 
as to the counteracting force? these two—in what direction it must be applied, and with what 
intensity; it is clear that neither of these is sufficient without the other; for a particle left to 
itself under the action of a force will move off in a certain determinate direction, and it is a truth 
which requires no proof, but is purely axiomatic, that a force, however great, applied in any 
other but the exactly reverse direction will not prevent motion ; and so likewise it is a self-evident 
fact, that the counteracting pressure must be of a certain determinate magnitude and no other. 
Thus, to a person who understands what I mean by the term Force, it will be apparent that the 
only ideas involved, are those of direction and magnitude; any cause tending to produce motion 
which involves any other element for its complete determination is not a Force, it may be called 
so popularly, but it is not included in the mathematical definition. 

And it may be observed here, that as in Euclid, the definition given of a straight line, viz. 
“that it lies evenly between its extreme points,” is virtually superseded by the axiom, that ‘ two 
straight lines cannot inclose a space,” so in elementary books of Mechanics, although the definition 
is given of a force that it is ‘any cause which produces or tends to produce motion,” yet the 
fundamental proposition is usually made to depend on the axiom or fact (or whatever it is to be 
called) that a force may be supposed to act at any point in its direction, which is the same thing 
as saying, that if the magnitude be given the force depends on direction only. 


When the science of Mechanics was first studied, the simple view of force which I have given 
would, of course, not be immediately taken; the effect of force would probably be supposed to 
depend on other circumstances ; but this is a matter of no consequence: the question is merely 
what we mean by force now, and what it is supposed to mean in all mechanical treatises; and 
it signifies not whether we start with the idea of a cause of tendency to motion involving the ideas 
of direction and magnitude only, and call the embodiment of that idea force by definition, or 
whether we examine the world we live in, and shew that such are the elements and the only 
elements of force. 


5. Let it be granted then that the only ideas involved in that of force, are those of direction 
and magnitude, and we come to the case (already spoken of by anticipation) of a thing physical, 
involving exactly the same ideas as the straight line in Geometry; and we therefore lay down 
this proposition, that every theorem regarding straight lines will have its fellow in Mechanics, that 
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the theorems of the one science can be translated into the language of the other, and that the 
demonstration belonging to figures in which the marks represent straight lines will apply pre- 
cisely as well to similar figures in which the marks represent forces; for in both cases the 
representation must be conventional: no inkmark can be a straight line, and no proposition 
concerning straight lines can be true of the inkmarks which represent them, and though it 
requires a greater abstraction of the mind to speak of an inkmark as a force, yet the speaking 
of it as a straight line is certainly as really conventional, and the proper utility of the figures 
in both cases is that they assist the mind artificially in drawing deductions from the pure 
ideas of direction and magnitude. 

Velocity is another instance of a thing physical involving the ideas of direction and magnitude 
only, and of which therefore it may at once be predicated that the propositions respecting the 
straight line refer to it mutatis mutandis. 


6. When it is said that every proposition respecting the straight line will have its fellow 
respecting force, it is of course equally true that each proposition in Mechanics will have its 
fellow in Geometry, and it will be asked, what proposition in Geometry corresponds to the parallelo- 
gram, or rather the triangle of forces: to which I reply, that when two 
lines AB, BC are given in position and magnitude, the straight line 
joining the points A and C will be as strictly their geometrical 
resultant, as the force represented by AC will be the resultant of 
the forces represented by AB, BC: for by speaking of the resultant 
of two lines we necessarily imply that the two lines are given to a B 
determine some third object, and that object must be a straight 
line, since the resultant of two things of the same kind must be of the same kind with those 
which produce it, and if there be any line which is to be considered as the resultant of AB, BC 
it must be AC, since this is the only new line whose position and magnitude is in any way 
whatever determined by the positions and magnitudes of AB and BC. If therefore we mean 
by the resultant of two straight lines given in position the straight line which is determined 
in magnitude and position by those straight lines, and this seems the most obvious meaning to 
give to the term resultant, then AC is the resultant of AB and BC. 3 

The proposition of finding the resultant of two straight lines given in position may be 
generalized into that of finding the resultant of any number of straight lines forming an imperfect 
polygon. For if all the sides of a polygon be given except one, then that one will be the 
resultant of all the rest, inasmuch as it is the only new line whose position and magnitude 
’ becomes determinate in virtue of the other sides being given. It may be said that the extremity 
of one of the last sides may be joined with one of the angular points, and that thus some 
other line will be determined, but the obvious answer is, that this will not employ ali the data. 
and that the line so determined will be the resultant of all those which are really made use of. 
In fact, a straight line may be given just as really, though not so directly, by giving in position 
all the other sides of a polygon of which this straight line forms the last; to give those other 
sides is, I say, precisely the same thing in fact as to give the line itself. 

Conversely, a straight line may be considered as the resultant of any system of straight lines 
which with it form a polygon; and also in such polygon any one side may be called the 
resultant of all the rest; if two be missing, they cannot be replaced; but if one only, then is 
that missing one just as fixed and determinate as if it were represented as part of the polygon, 

In speaking of the direction of lines, it is of course necessary to distinguish between a line 
AB, and a line BA, the direction of the one being considered 
exactly the reverse of that of the other. Thus, in the pre- 
ceding investigation AC is the resultant of AB, BC, not of 
BA, BC: the resultant of those latter lines would be found by : 
taking AD parallel and equal to BC: then BD would be the oN 
resultant of BA and BC. 


c 
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7. The principle of the third side of a triangle being the resultant of the other two may 
be applied to demonstrate certain propositions in plane Geometry, which I here introduce for 
illustration’s sake. 

It may be shewn from this principle, that the lines drawn from the bisections of the sides 
of a triangle perpendicular to the sides will pass through the same point. For suppose we 
bisect two of the sides, and draw lines perpendicular to them, (it is of course necessary to 
hisect the sides, because the middle point of a line is the only one which is similarly related to 
the two extremities), then these indefinite lines determine a new point, viz. the point of inter- 
section; now if we perform the same operation on the third side, the result must be such that 
no new geometrical element is determined, since everything which is functional of the third side 
is already implicitly involved in the knowledge of the other two; therefore this third line must 
pass through the point of intersection of the other two, since if it did not it would determine 
two new points, which, by what has just been said, is impossible. 

The same reasoning applies to the propositions that the lines bisecting the angles of a triangle 
pass through the same point; and that the lines joining the angular points with the bisections 
of the sides pass through the same point, 

And, I may remark, that we have here the explanation of the fact, that some propositions 
in pure Geometry admit of simpler proof by referring to mechanical considerations than by the 
ordinary geometrical methods; as for example the last proposition of those first cited finds its 
solution at once in the property of the center of gravity of a plane triangle. 


8. Taking the view which I have endeavoured to explain of these resultants, it will be 
obvious how close the analogy is between this case and that of forces ; 
for if AB and BC represent two forces, then AC we know represents 
their resultant, and in general if two sides of a triangle represent 
two forces their resultant is given by the third, and still more generally 
if the sides of an imperfect polygon represent forces their resultant 
is given by the last side. Now the same thing holds in this case 
which was true in the case of Geometry, viz. that if AB, BC be given in position and 
magnitude, the only third term determined is AC; and therefore if AB, BC represent two 
forces, the magnitude and direction of the force AC is at once determined, but this can be 
asserted of no other. Now I do not say that this could be considered as a proper proof of 
the triangle of forces; but I do think that it is a way of considering the subject which, by 
careful thought, will lead to the intuitive perception of the truth of the proposition. It would 
be impossible to admit this as the only proof that the foree AC would balance the two AB, BC, 
but at least it shews that AC is related to 4B and BC in a manner in which no other force 
is related, that it is at once determined by them, so that to give them is to give tf, and that 
this can be predicated in the same sense of no other force; and from this it seems possible by 
degrees to arrive at an intuitive perception of the truth that AC is in fact the resultant of 
AB, BC. And after all this is the point at which we should endeavour to arrive; the funda- 
mental proposition in mechanics ought not to have a merely artificial basis, and to be such that 
the mind rather concedes it because it cannot deny it, than sees it to be true; and I cannot feel 
a doubt but that there must be some method of viewing the subject, which if we adopt, the 
fundamental propositions of Mechanics will gradually grow into as perfect axiomatic clearness as 
do the simple propositions of Geometry *. 


Cc 


9. To illustrate this point by contrast, let us for a moment consider the proof which is 
frequently given in elementary treatises of the triangle of forces, I mean that which is due to 


* See Note (B). 
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Duchayla. Now this proof is certainly convincing; that is to say, it is not possible to point 
out any flaw in the steps of demonstration, but for perswading the intellect it seems to have no 
kind of fitness. The proof is essentially artificial, and is based on a simple case of composition 
of forces which seems very insufficient to suggest, as it is pretended that it does, the result 
sought. The character of the proof seems, if I may so express myself, to be that of cunning 
rather than honest argument; and yet I think that, however unsatisfactory the proof may appear 
in this light, we must feel convinced that, supposing it accurate as we do, there must be a meaning 
and principle about it at bottom, and that these are only smothered and obscured by the artificial 
contrivances of the demonstration. This I think we shall find to be really the case if we 
examine the proof in the light of the preceding observations. The first part of the proof seems 
to involve very faintly the idea of force; the only principle introduced being this—that a force 
may be applied at any point in its direction; and thus the distinctness of the proposition as a 
mechanical one seems rather obscured, but this difficulty of course vanishes if this first part of 
the proposition be what I should call a proposition in the science of Pure Direction; the proof 
involves the idea of force only indirectly, and this is exactly what ought to be the case if the 
proposition be true of several things, of which force is one: it is equally true of velocity, for 
example: force is an embodiment of the pure idea of direction, and therefore all theorems of 
pure direction will belong to force, not singly, but to it in common with all other embodiments 
of the same idea. In fact, the first portion of Duchayla’s proof appears to be simply this, given 
two straight lines in position to ascertain the direction which will be determined by them. 

But direction is not the only idea involved in force: there is magnitude as well, and there- 
fore there is a second portion of the proof we are considering, in which it is shewn that, allowing the 
triangle of forces so far as direction is concerned, that part which regards magnitude necessarily 
follows; the extreme simplicity of this part of the proof shews how intimate the connexion must be 
between the two parts of the proposition, a connexion which I think we should not have been led to 
expect from anything occurring in the proof itself, for, although the fact that the direction of 
the resultant of two equal forces will bisect the angle between them is taken as suggestive of 
the general law of direction, there is not a shadow of a hint that in this simple case the law will hold 
as respects magnitude: so that a very remarkable proposition is proved by a mere artifice without 
apparently the least reason in the nature of things why we should anticipate the result. But if we 
consider the proposition from the same point of view as that from which we regarded the question 
of the resultant of two straight lines, we shall see that there is a necessary connexion between 
the two propositions, I mean those respecting direction and magnitude; for when we had two 
lines AB, BC given, the resultant 4C became at once known both in direction and magnitude ; the 
two things were co-ordinate, in fact, as this word suggests, they were merely two new co-ordinates 
of C which became known from the two given co-ordinates 4B, and BC. 


10. On the whole, therefore, I would urge that the proposition which we call the triangle of 
forces is a result of the combination of the pure ideas of direction and magnitude, and will therefore 
be true in some sense of all concrete existences which are embodiments of these two ideas and 
no other: and therefore I explain the fact of the unmechanical character of the proof we have been 
considering by observing, that the proposition is more general than the merely mechanical one, 
includes in fact the triangle of forces, the triangle of lines, the triangle of velocities, the triangle 
of couples, and perhaps other cognate propositions. 


11. This subject will, I think, receive further elucidation as follows: 


If 7 represent any quantity in magnitude only ; then if the quantity depend on direction also, it 
will be necessary to assign the direction in which J is to be measured; but if this be done, it is 
possible to affect 2 by a symbol or sign of affection, which shall indicate for itself the direction 
in which it is measured, This symbol it is well known is e®Y~, which is such that if 7 represent a 
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line as to magnitude only, then Je®¥-! will represent the same line measured in a direction 
making an angle 9 with some fixed line. 


Now if ABC be a right-angled triangle and BAC =0, and 4B =1 in 


magnitude, LAG 
— — , raw 
then AB = 1e®°V=> =1c0s0 + \/ -1isin@ y 
BUC = ne. | 
or, if we omit \/—1 which is a sign of affection, ee 


AB = AC + BC. 


We may therefore say, that regard being had to direction as well as magnitude, AB the 
hypothenuse is the swm of the two sides AC and BC, or perhaps it would be more distinct 
to say that the hypothenuse is the equivalent of the sides, that is to say, that considered as 
embodiments of the ideas of direction and magnitude one is equivalent to the other; if the 
direction be disregarded it would be absurd to say that 4B = AC + BC, and in like manner, if 
direction only be considered, there is no equivalence between the hypothenuse and sides, but com- 
bining the two there is an equivalence, and one may be substituted for the other in all sciences which 
are developements of these two fundamental ideas. 


I may remark further, that we may consider the symbol le®V— as the type of the sciences 
depending on these ideas, or rather one may say, that the symbol le®V-1 is the germ from which 
may be evolved the fundamental principles of these sciences. 


12. One more observation may be made on this symbolical representation. The symbol 
Je® 1 is as we know equivalent to the expression / cos @ + n/t sin @, and therefore if this symbol 
were given to a person as the representation of force, it must at once strike him that the fundamental 
property of force was that of being made up of two other forces, which we will call as usual 
its resolved parts. Now what I would wish to observe, is, that this connexion supposed to be 
suggested by the symbolical formula is precisely that which would probably be suggested to the 
mind when it first began to engage itself with mechanical studies. 


For suppose we have a force tending to draw a particle P in any direction OP; then if we wish 
to examine the nature of this force, and determine its laws, the obvious iv 
artifice would seem to be to constrain the particle in various ways, and 
reason as to the result. Suppose, for instance, a plane drawn perpendi- 
cular to OP and indefinitely near the particle P, then it is manifest that 
the particle will not move at all, this is a point which no one will y 
question, and therefore we arrive at one property of force, namely, that a 
it produces no effect in a direction perpendicular to its own. But, WA 
suppose we incline the plane at some angle @ to OP, then motion 0 
will ensue if not checked, and the question is, what force acting along the plane will be just 
sufficient to check motion? To determine this, take any point O in the direction OP and 
draw OP’ perpendicular to the constraining plane, then it is easy to see that whatever relation 
the line OP has to the original force, the same relation has P’P to the resolved part in the direction 
PP’; to make this apparent, I shall call a plane drawn through a point in the direction in which a 
particle has a tendency to move and perpendicular to that direction the impossible plane, and 
then the definition of OP will be, that it is the distance between the impossible planes corresponding 
to P and O: now suppose any two other parallel planes to be drawn through P and QO, and let 
them be perpendicular to PP’, then P’P is the distance between these impossible planes, as OP was 
between the two former. This being the case, it will be allowed that if OP represents the original 
force, P’P will represent the resolved part in the direction PP’, that is, the resolved part will 
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be the original force reduced in the proportion of PO: PP’ or of 1: cos 8. The question remaining 
would be, whether a force could properly be represented by the distance between two impossible 
planes, a question which might perhaps be answered satisfactorily and without much difficulty if 
we consider that a finite line taken in the direction of a force will represent the two fundamental 
properties of force, namely, magnitude and direction. But if it appear in this way that PP’ 
represents the effective part of the force acting on P it will be seen that in like manner PO repre- 
sents the ineffective or destroyed part. And therefore the result of the artifice of constraining 
the particle P would be that when a force J acts on a particle, which is constrained by a 
plane inclined to the direction of the force at an angle 6, the force is equivalent to a force 
Zcos@ which is effective and a force /sin@ which is destroyed, or a force Jcos@ in the direction 
in which motion is possible and a force /sin@ in the impossible plane. And this is exactly what 
would result from considering foree under the light of the formula 


le§V> = lcos8 + \/ —1 lsin@. 


13. This symbolical representation*, though depending on refined principles, is nevertheless, 
I apprehend, valuable in the discussion of the question before us, because it is generally admitted 
as a complete method of geometrical representation, and those who study the question must 
perceive that its complete character is founded on something much deeper than a mere symbolical 
artifice, inasmuch as it expresses the equivalence between a line, considered in its direction and 
magnitude, and the two rectangular projections of that line. Now it has been the intention of 
what immediately precedes to point out the corresponding necessary connexion between a force 
and its resolved parts, and the perfect applicability of the same symbolical method to the two 
cases tends, it is presumed, to strengthen the characteristic view of this paper, viz., the essential 
identity of the Geometrical and Mechanical Sciences, considered as developements of the same 
combined fundamental ideas. 


14. The preceding remarks have been wholly devoted to the consideration of force as acting 
on a single particle; it was my intention to have attempted a discussion of the case of a system of 
forces acting on a rigid body, and to have shewn how the science of Mechanics diverges from that 
of Geometry, by the introduction of this new idea of Rigidity; but perhaps what has been already 
said will be sufficient to put in a clear light the fundamental views which it is my desire to 
explain: my belief is, that these views contain the shadows at least of important truth, and 
that they will be seen to do so by any one who will devote attention to the subject. The 
great question is, what are the fundamental ideas of Elementary Mechanics, and what of Geometry ? 
Are they the same, or are they cognate, or are they altogether distinct? If the last, then 
the resemblance between certain demonstrations and propositions in the two sciences is a curious 
and unexplained fact; but if the second or the first, then the explanation is obvious. And if 
the relation of the two sciences be such as I have represented it, then it seems to me to be most 
important that it should be recognized, and that for more reasons than one; first, this view 
connects two streams of truth, usually I believe considered distinct, and traces them to one 
fountain head, and this is an important simplification, in the same sense and for the same 
reason that it is an important simplification to trace two phenomena to the same physical cause ; 
but, again, the foundation of geometrical truth is a matter of less question in general than that 
of mechanical; it is I suppose universally allowed that the propositions in pure Geometry are 
as they are, because they could not be otherwise, that they are necessary truths in every sense 
in which truths can be necessary, but there is not, I apprehend, such clearness of thought prevalent 
respecting mechanical truth, It is difficult to make out from the ordinary books on the subject 
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what the writer’s belief is respecting the nature of the truths which he is developing ; now this 
point is entirely resolved if it is shewn that the principles of Mechanics are identical with those 
of Geometry, that the two sciences not only have certain analogies, but are in essence identical 
as being two developements of the selfsame ideas, and hence, if this be true, we see at once 
the necessary character of the truths of Mechanics, or at least we shew them to stand on the 
same ground as others which are supposed to be admitted as necessary. I will close this paper 
by saying, that although I am well aware that what I have said in favour of the views propounded 
may not with many appear to amount to demonstration, and indeed perhaps demonstration in 
such a subject is not altogether possible, yet I am persuaded of their fundamental correctness 
by this consideration as much as by any, viz., they do seem to point out the road to absolute 
intuition of truth, they seem to mark out a method of thought according to which the elementary 
truths of Mechanics will present themselves gradually with axiomatic clearness. And certainly, 
whether this method be true or not, it cannot I think be doubted by any one who has reflected 
on the foundations of truth, that this is the natural course, viz., that all demonstrations gradually 
merge in intuition, and that all human knowledge converges towards that absolute intuition which is 
the attribute of the divine mind. 


NOTES. 


NoTE (A), page 269. 


Tue word direction appears to be the best abstract word for expressing the idea which is intended to 
be embodied in the concrete form of a straight line; the evil of concrete terms is that they appear to 
assign physical existence to that which can have none, and by thus leading away the mind from the 
true idea tend to prevent the intuition of geometrical truth. If the idea intended to be embodied in the 
terms point, straight line, and angle be conceived in their abstract form, the simple propositions respecting 
them at once assume the character of axiomatic truth. I will here put down what appear to me to be the 
best abstract terms for expressing these three geometrical elements— 


1. A point = Position. 
2. A straight line = Direction. 
a 
3. An angle = Inclination of directions. 
I will illustrate the intuitizing force of these terms by applying them to the 4 
doctrine of parallels. The idea of parallelism is that of identity of direction mith- * 
out identity of position; and from this it is evident that a straight line CD falling on y 
= B 


two parallel lines AB. A’B’ makes the alternate angles equal ; for since the question 4’ 
is one of direction only, whatever is predicated of the line 4B may be predicated 
of the line A’B’, since they differ in posztion only and not in direction. D 


Nore (B), page 272. 


The proposition in pure Geometry which seems more than any other connected with Mechanics is 
Euclid 1. 32, and it will be worth while to point out the self-evidence of this proposition both for its 
own sake, and also from the assistance it will afford in the intuition of the cognate mechanical proposition. 
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I observe first, that Euclid’s last corollary seems to be the easiest proposition to grasp, and will be 
admitted without formal demonstration as soon as its meaning is apprehended. For if we consider the 
changes of direction which a straight line undergoes by successively coinciding with the sides of the polygon 
it is clear that when it has been made to coincide with all in succession, it will at last come into its original 
position, but a line which has revolved and come into its original position must have described four right 
angles; whence the proposition is manifest. From this of course the first corollary and the proposition 
itself immediately follow. 

It appears therefore that Euclid 1. 32. is only a form of the self-evident proposition, that a straight line 
being made to deviate from its original direction cannot assume it again until it has deviated through four 
right angles. 

Now the condition of forces being such as will produce equilibrium, is simply that the lines respecting 
them shall form a polygon. And this proposition is I believe only an expression of the fact, that two fores 
cannot counteract each other unless they act in the same straight line, or, to express myself more in con- 
formity with the geometrical proposition, that if a force has been made to change its direction it cannot 
produce the same effect as before unless its deviation has been through four right angles; but this thought 
I have not yet fully developed. 


Nore (C), page 275. 


It may be well to remark here that the symbol re#V-1 being the complete expression of magnitude and 
direction is also the complete expression of linear and angular distance, if r be measured from a fixed point, 


and @ from a fixed straight line: consequently réV-1 may be taken as the complete position-index of a 
point, or of a physical particle, in a given plane. 


d a 
If we consider a particle whose position is changing with the time (¢), then the symbol apr will 


express the complete variation of the position-index, and will therefore give the magnitude and direction of 


its velocity. 
In like manner the symbol = .re’’-1 will give the complete variation of the velocity, and will therefore 
dl 


be the symbol for the accelerating force in both magnitude and direction. 

Now suppose the particle to be in motion under the action of any forces, the complete expressions for 
which are P.e?¥—!, P’.e#¥-1, &c.: then if M be the mass of the particle we shall have for its equation 
of motion 
bas 
dt 

This equation I have given merely in illustration of the principles of the preceding memoir, but in the 
Cambridge Mathematical Journal, (Vol. 1v. p. 177.) I have shewn that the symbol re®N-1 may be applied 
to mechanical investigations with considerable practical convenience. 


M reev-1=PebV=14 PetV=14 ...... 


H. GOODWIN. 


XXI. On the Pure Science of Magnitude and Direction. By the Rey. H. Goopwin, 
Fellow of Caius College, and of the Cambridge Philosophical Society. 


[Read May 12, 1845.] 


In a former Memoir, I have endeavoured to point out the @ priori and necessary character of the 
fundamental proposition in Mechanics, by connecting it with the propositions of Geometry, and so 
bringing the demonstrative character of the two sciences into one and the same point of view. I 
there pointed out that the only elements of Force are Magnitude and Direction, and therefore that 
the only simple ideas of which the term Force is the expression are those of Magnitude and 
Direction, and hence, that all propositions respecting Force ought to follow demonstratively and 
perhaps intuitively from the possession of those two ideas combined, even as the propositions 
respecting straight lines arise necessarily from the same two ideas. In the course of that Memoir, 
I spoke of such a Science as that of pure direction, which should include within itself the Sciences 
of Geometry or rather of Position, of Kinematics, of Mechanics, and possibly other Sciences ; 
it is the design of the present Memoir, to attempt to establish the fundamental Proposition of such 


a Science, or, as perhaps it may be more properly called, the pure Science of Magnitude and 
Direction. 


1. The fundamental problem will be, to determine the combined effect of any number of 
causes, the magnitude and direction of each of which is given. It will be seen that this statement 
is perfectly general; for a line given in a certain direction may be looked upon as cause, the point 
in space determined by its extremity as effect, or if two lines be given, having an extremity in 
common, the line joining the other extremities which is thus determined may be regarded as effect; 
so likewise, if a particle be animated by two simultaneous velocities, they may be looked upon as 
causes, the resultant velocity as effect ; and if a particle be acted upon by two forces, the resultant 
pressure will be the effect which results from the two given forces as causes, and hence it will 
appear, that the fundamental problem is to find the combined effect of any number of given causes. 


2. Now, if the direction in which all the causes acted were the same, it is clear that the 
combined effect would be found by mere addition of the quantitative symbols which measure 
their respective effects; the only postulate here involved is, that two causes do not modify each 
other’s effects, a postulate which is of the nature of an axiom, and which merely expresses such 
truths as these, that if a point be taken in a straight line at a distance (a) from a fixed origin, 
and another point at a distance (6) from the former, then the distance of the point last deter- 
mined from the origin will be a+6, or again, that if there be two forces, one of which can 
lift a weight P, and another a weight Q, then the two together can lift a weight P + Q. 


3. Hence, when the direction of a number of causes is the same, the process of addition 
serves to determine their combined effects, but when the directions are different, it will be necessary 
to determine according to what law variation of direction modifies the effect of a cause; in other 
words, suppose we take P as the quantitative symbol of the effect of a certain cause in a given 
direction, what will be the symbol for the effect of a cause of equal intensity whose direction 
makes an angle @ with the given direction ? 
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Now, it may be assumed, that the effect of the oblique cause can be measured by a symbol 
of the form Pf(@), where f(@) is a modifying function, which would be 1 if @ were zero 
and whose general form must be determined. This assumption appears admissible, because if 
there be a symbolical expression for the effect of an oblique cause, it can be of no form more 
general than that assumed, and if there be no such symbol, this will appear by the impossibility 
of determining the form of f(@). 


4. To determine the form of the function f, I observe, that the fundamental law of such 
causes as we are considering is, that the exact reverse of any cause whose magnitude and direc- 
tion are given is one of equal magnitude and exactly opposite direction; so that, if we denote 
opposite affections by + and —, then + P must change into — P, while @ increases from 0 to 7: 
moreover, the change of P, jor rather of Pf(@)}, as @ varies continuously, must manifestly be 
continuous, and not only continuous but uniform, that is, the rate at which the affection changes 
from + to — must be the same at all stages of the change, since there is no reason why the 
change should be more rapid for one value of @ than for another :—speaking symbolically, it 
f (0 + a) -f (6) 

f(9) 
This law, to which f(@) is subject, and which flows at once from the pure idea of direction, 
is sufficient to determine the form of f. For suppose the angle 7 to be divided into n equal 
parts; then, if the direction vary through one of them, the symbol representing the effect of 


may be said that ° must be the same for all values of @ if a be a given quantity. 


the oblique cause will be pr(=); if it vary through two such divisions, the symbol becomes 


2 9 
ps (=)4(=), or P{r(z)\ ; (it also becomes Ppt), and so on; and when the direction has 
mi \n, n n 
varied through x angles each equal to oe stne symbol becomes Plr(=) r but by what has just 
n \n 


been said this symbol must represent the exact reverse of + P, and must therefore be = — P: 
hence we have 


Pir(5)} =» 
{7(=)} = -1, 


(7 = T = Tv 
F(=) = (— 1)” =cos— + (- 1))sin-, 
n n n 
‘ 7 
and if we put — = 0, 
n 


8 
F£ (8) = (—1)* = cos 6 + (— 1)4 sin. 9.2. veneeseessseeas(A). 
It will be observed, that » may be made as large as we please, and therefore, the condition will 


be satisfied of @ varying continuously from 0 to 7; also the change of f is not only continuous 


£0 +a) - f(b) 


c] 
but uniform, for it is clear that the expression (— 1)* satisfies the condition that —— 


_ £@) 
shall be the same for all values of @; and this follows necessarily from the mode of determining 
f, without assuming that f(r) = — 1, for the fundamental law of variation of f is expressed by the 


equation 
{r(E) i =718), 


or, — f(8) = $f (B)}*. 
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constructed, can hardly be considered as affording us any material insight into the laws of nature ; 
nor will they enable us to pass from the consideration of the phenomena from which they were 
derived to that of others of a different class, although depending on the same causes. 

In reflecting on the principles according to which the motion of a fluid ought to be ca!culated 
when account is taken of the tangential force, and consequently the pressure not supposed the 
same in all directions, I was led to construct the theory explained in the first section of this 
paper, or at least the main part of it, which consists of equations (13), and of the principles 
on which they are formed. I afterwards found that Poisson had written a memoir on the same 
subject, and on referring to it I found that he had arrived at the same equations. The method 
which he employed was however so different from mine that I feel justified in laying the latter 
before this Society*, The leading principles of my theory will be found in the hypotheses of 
Art. 1, and in Art. 3. 

The second section forms a digression from the main object of this paper, and at first sight 
may appear to have little connexion with it. In this section I have, I think, succeeded in shewing 
that Lagrange’s proof of an important theorem in the ordinary theory of Hydrodynamics is 
untenable. The theorem to which I refer is the one of which the object is to show that 
udx+vdy +wdz, (using the common notation,) is always an exact differential when it is so 
at one instant. I have mentioned the principles of M. Cauchy’s proof, a proof, I think, liable 
to no sort of objection. I have also given a new proof of the theorem, which would have served to 
establish it had M. Cauchy not been so fortunate as to obtain three first integrals of the general 
equations of motion. As it is, this proof may possibly be not altogether useless. 

Poisson, in the memoir to which I have referred, begins with establishing, according to 
his theory, the equations of equilibrium and motion of elastic solids, and makes the equations of 
motion of fluids depend on this theory. On reading his memoir, I was led to apply to the theory 
of elastic solids principles precisely analogous to those which I have employed in the case of 
fluids. The formation of the equations, according to these principles, forms the subject of 
Sect. 111. 

The equations at which I have thus arrived contain two arbitrary constants, whereas Poisson’s 
equations contain but one. In Sect. 1v. I have explained the principles of Poisson’s theories of 
elastic solids, and of the motion of fluids, and pointed out what appear to me serious objections 
against the truth of one of the hypotheses which he employs in the former. This theory seems 
to be very generally received, and in consequence it is usual to deduce the measure of the cubical 
compressibility of elastic solids from that of their extensibility, when formed into rods or wires, 
or from some quantity of the same nature. If the views which I have explained in this section 
be correct, the cubical compressibility deduced in this manner is too great, much too great in 
the case of the softer substances, and even the softer metals. The equations of Sect. 111. have, 
I find, been already obtained by M. Cauchy in his Evwercises Mathématiques, except that he 
has not considered the effect of the heat developed by sudden compression. The method which 
I have employed is different from his, although in some respects it much resembles it. 

The equations of motion of elastic solids given in Sect. 111. are the same as those to which 
different authors have been led, as being the equations of motion of the luminiferous ether in 
vacuum. It may seem strange that the same equations should have been arrived at for cases 
so different; and I believe this has appeared to some a serious objection to the employment of 
those equations in the case of light. I think the reflections which I have made at the end of 
Sect. 1v., where I have examined the consequences of the law of continuity, a law which seenis 
to pervade nature, may tend to remove the difficulty. 


* The same equations have also been obtained by Navier | T. vr.) but his principles differ from mine still more than da 
in the case of an incompressible fluid, (Mém. de l'Institut, | Poisson’s, 
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SECTION I. 
Explanation of the Theory af Fluid Motion proposed. Formation of the Differential 
Equations. Application of these Equations to a few simple cases. 


1. Berrore entering on the explanation of this theory, it will be necessary to define, or fix 
the precise meaning of a few terms which I shall have occasion to employ. 

In the first place, the expression ‘‘ the velocity of a fluid at any particular point” will require 
some notice. If we suppose a fluid to be made up of ultimate molecules, it is easy to see that these 
molecules must, in general, move among one another in an irregular manner, through spaces 
comparable with the distances between them, when the fluid is in motion. But since there 
is no doubt that the distance between two adjacent molecules is quite insensible, we may neglect the 
irregular part of the velocity, compared with the conimon velocity with which all the molecules 
in the neighbourhood of the one considered are moving. Or, we may consider the mean velocity 
of the molecules in the neighbourhood of the one considered, apart from the velocity due to 
the irregular motion, It is this regular velocity which I shall understand by the velocity of 
a fluid at any point, and I shall accordingly regard it as varying continuously with the 
co-ordinates of the point. 

Let P be any material point in the fluid, and consider the instantaneous motion of a very 
small element £ of the fluid about P, This motion is compounded of a motion of translation, 
the same as that of P, and of the motion of the several points of E relatively to P. If we 
conceive a velocity equal and opposite to that of P impressed on the whole element, the remaining 
velocities form what I shall call the relative velocities of the points of the fluid about P; and 
the motion expressed by these velocities is what I shall call the relative motion in the neigh- 
bourhood of P. 

It is an undoubted result of observation that the molecular forces, whether in solids, liquids, 
or gases, are forces of enormous intensity, but which are sensible at only insensible distances. 
Let E’ be a very small element of the fluid circumscribing #, and of a thickness greater than 
the distance to which the molecular forces are sensible. The forces acting on the element E 
are the external forces, and the pressures arising from the molecular action of E’. If the 
molecules of £ were in positions in which they could remain at rest if E were acted on by no 
external force and the molecules of E’ were held in their actual positions, they would be in 
what I shall call a state of relative equilibrium. Of course they may be far from being in a 
state of actual equilibrium, Thus, an clement of fluid at the top of a wave may be sensibly in 
a state of relative equilibrium, although far removed from its position of equilibrium. Now, in 
consequence of the intensity of the molecular forces, the pressures arising from the molecular action 
on £ will be very great compared with the external moving forces acting on E. Consequently 
the state of relative equilibrium, or of relative motion, of the molecules of E will not be sensibly 
affected by the external forces acting on HE, But the pressures in different directions about 
the point P depend on that state of relative equilibrium or motion, and consequently will not 
be sensibly affected by the external moving forces acting on E. For the same reason they will net 
be sensibly affected by any motion of rotation common to all the points of E; and it is a direct 
consequence of the second law of motion, that they will not be affected by any motion of translation 
common to the whole element. If the molecules of & were in a state of relative equilibrium, 
the pressure would be equal in all directions about P, as in the case of fluids at rest. Hence 
I shall assume the following principle :— 

That the difference between the pressure on a plane in a given direction passing through 
any point P of a fluid in motion and the pressure which would ewist in all directions 
about P if the fluid in its neighbourhood were in a state of relative equilibrium depends 
only on the relative motion of the fluid immediately about P; and that the relative motion 


Vou. VIII. Parr III. Pp 
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the other in the plane perpendicular to it or the impossible plane, and this being the case, all 
that is done by equation (B) is to assign the relative magnitudes of the two components. We 
have, in fact, these two things known respecting the oblique cause which we denote by Pf(@), 
first, that 


P.f (0) = Pcos6.f(0) + Psin 0.f (=) eee) 


and, secondly, that the oblique cause may be supposed to result from two component causes, 
; T ; - 
for one of which @ = 0 and for the other 6 = ae and putting these two things together, there 


can, I conceive, be no doubt as to the conclusion that these components are represented by P cos @ 
and P sin @ respectively. I am not saying that the auxiliary consideration just used is really 
necessary for the interpretation of the equation (B), for I am inclined to believe that the generality 
of symbolical interpretation would justify us at once in construing the equation thus:—the effect 
of P acting at an angle @ = the effect of P cos @ acting directly, combined with the effect of 
P sin @ acting at right angles to the original direction; but at least the objection, if there be 
one, seems removed by the consideration adduced, and that is my reason for adducing it. 


9. On the whole, I would submit that the preceding investigation not only is free from 
solid objection, but is in fact the true mode of viewing the subject; because it rests upon the 
leading idea of a uniform continuous passage of a cause from + to —, while its direction varies 
continuously. And if it be objected, that physical laws cannot be conceived of as the results 
of symbolical equations, it is to be answered that this is exactly the advantage of this mode 
of viewing the subject, that it shews that such laws as that of the composition of forces are 
not physical laws, in the sense of being laws known by experience or by induction from 
observation, but are necessary laws in the most exact sense of the word: there is nothing more 
incredible in the fact of Demoivre’s formula containing the laws of Mechanics, than in that of 
its containing the laws of Space, and it is as credible that it should be capable of proof from 
that formula, that three forces are in equilibrium when they are each proportional to the sine 
of the angle contained between the other two, as that the sides of a triangle are proportional 
to the opposite sides. ‘The fact of our making these conclusions depend on the interpretation 
of symbols is in the present state of analysis no objection at all, and it may well be supposed 
that some such method would be necessary in order to bring into one investigation subjects 
at first sight apparently so distinct as the laws of space and the laws of equilibrium of forces. 


10. And I think it cannot be said that the method adopted in this paper is so artificial as those 
which are sometimes applied to what are called fwnctional proofs of the rule for the composition 


of forces; for although the quantity (— 1)? or | enters into the investigation, still it is to 
be remembered, (and I wish to lay great stress upon this,) that this quantity is not introduced 
by any principles peculiar to this paper, it enters by mathematical necessity and must be inter- 


preted ; the only equation which it is incumbent upon me to prove is the equation f(@) = (— Dee 
and if this be established, the remainder necessarily follows. Indeed, so far from this method 
being of an artificial and therefore incomplete kind, I would venture to question whether the 
unsatisfactory character of some functional proofs of the law of composition of forces, and the 
extremely complicated nature of all, may not arise from the oversight of the fact that a function 
exists, which will express an oblique force in its totality and not only so far as it is effective. 
On this subject, however, I will not enlarge, but only remark that it seems to me a point of 
great beauty that a symbol, of such peculiar form as cos 6 + (- 1)2 sin @, which meets us at 
every turn in analysis, should be the complete expression of a law by which all nature is 
governed. 
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11. I have now concluded all that I wish to say on the principal subject of this paper, 
but before bringing it to an end I am desirous of making some observations on the general 
question of the transition of quantities from the + to the — affection, which will, I believe, illus- 
trate my general design. 

That design may be stated to have been, to shew that there is in the nature of things 
one law according to which causes, which depend solely on magnitude and direction, vary with 
their obliquity from a given direction to the exact opposite, and according to which the cause 
P varies till it becomes — P. Now in considering the general case of the passage of a quantity 
from the + to the — affection, it is to be observed, that if the quantity be necessarily of one 
dimension, as time for example, then future time being denoted by + ¢, past time will be denoted 
by -— 7, and ¢ will vary from + to — by simple diminution and passage through zero; in this 
case the sign ~/—1 can have no place as a sign of affection; I believe there is no conceivable 
interpretation to be put upon ¢#\/-—1. And in like manner if distance be measured along a 
fixed axis the variation from + to — is by simple diminution; but, if space be considered in 


two dimensions so that a line may assume all oblique positions in varying from + to —, then 
a 


the symbol (— 1)” indicates the law according to which the change from + to — takes place. 
Here then are two laws according to which the affection of a quantity may be reversed, and 
there may possibly be others, and probably instances might be found in which such change is 
abrupt not continuous; for instance, Dr. Peacock illustrates the properties of “ek by saying*, 
that supposing +a to represent property possessed, and —a to represent debt, then \/— 1.4 
may represent property deposited ‘which admits of similar relations when considered as property 
possessed and property owed by another person;” it must however, I think, be admitted, that 
the use of the symbol /—1 in this case is conventional in a sense in which it is not when 
applied to lines or forces, and it may be doubted whether the symbol so used can be applied 
to the practical purposes of investigation; and indeed, if I might hazard an opinion, I should 
hold it probable that the symbol V-—1 can only then be successfully used when it expresses 
a particular stage in the continuous change of affection from + to —. 


12. It is not difficult to devise laws, according to which a quantity may change from + 
to —, other than those which have been specified. Suppose for example f(@) to represent 
the sign of affection for a quantity P, and suppose 


8 

Pf (8) = P(-1)"2; 
this form satisfies the condition that f(6)=1 and f(7)=-—-1, and therefore so far agrees with 
the actual law of lines, forces, &c., as that the affection of P passes from + to — while @ varies 


from 0 to 7. But if we examine this case, we find that it is widely diverse from the actual 
law just mentioned; for we have 


Ff (8) = cos (= sin = + (-1)! sin (= sin =) 
Now if 0=0 f(@)=1 


0== f(6) = (-1)'; 


* Algebra, 1st Edition, page 366. 
002 
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ae fi(O) = C08 (= sin 5) f (0) + sin (= sin =)r(2) 


2 3 


0 
and Pf(@) = P cos (= sin 5) £0) + Psin (= sin *) if (=) : 
In this case, therefore, it would seem that the oblique quantity P would be equivalent to two 
components, one in the original direction, the other inclined at an angle of 60°, the magnitude 


of the former being P cos (= sin ‘|, that of the latter P sin (= sin a But there will be a dis- 


tinction between this and that of the ordinary formula cos @ + (— 1) sin @ which is to be observed ; 
for in this latter case the impossible plane determined by f(@) = (-1)} coincides with that 
determined by f(@) = (— 1)!, but in the present hypothetical case, we have two impossible direc- 


tions, one corresponding to @ = = or f (8) =(—1)3, the other to 0=27 == or f (0) = —(- 1). 


And therefore that which is analogous to the impossible plane in the ordinary case is an im 
possible cone whose semi-vertical angle is an angle of 60°. 
There will be two impossible cones in like manner belonging to the formula 


2 


Tange a 6 
Ft (0) = (- 1)” = cos— + (= 1)? sin — 

T Tv 

which, together with the formula (A), are particular instances of the general form, 


a Me Bt (G)) 


1" 


f(@)=(- ye), = cos kh + (-1)?sin 


13. The preceding cases are examples of the general formula f(@) = (- 1)°, where © is some 
function of @ which = 0 when @=0, and =1 when §@=7, the direction or directions for which 


QE Cant ereiviven ty, Ops == 


It may be observed, that all examples must have this 


property in common ; that if we suppose a quantity P to be composed of two others whose direc- 
tions are the line for which @=0, and that for which f(@) =(—1)3, and if we call these 
components w and y respectively, then # and y satisfy the condition 


v+y =P; 
and therefore if « and y be regarded as oblique co-ordinates of a point, the locus of that point 
8 


is an ellipse; in the case of f(0) = (- 1)" this locus becomes a circle. 


14. It is evidently possible to vary indefinitely the law according to which f(@) shall vary 
from +1 to —1, while @ increases from 0 to a, even though we confine ourselves to the form 
f(®) =(- 1)°; and all these laws will express modes in which the affection of a quantity may 
be diametrically reversed ; I am disposed to look upon most of them as fictitious generalizations 
which can have no type in the nature of things, just as we might construct a system of geometry 
of four dimensions which could have nothing real corresponding to it. It may be possible, 
however, to find some which have not this fictitious character, and which express physical laws. 
We shall obtain a distinct conception of the manner in which the law expressed by the formula 


0 
f (0) =(-1)* differs from all others, by observing that if (—1)° expresses the law of change from 
+ to —, the gradual change of affection, as compared with a change in the value of @, will be 
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1 
expressed by ae now if Q@= =. a a5 a constant quantity, which can be true of no other 
law satisfying the conditions f(0) = 1 and f(7) =— 1. If, for instance, 0 = sf a form which satis- 
Tv 
' ane dO 6 4 ‘ 
fies the conditions f(0) =1 and f(7)=—1, we have The 2—,, and therefore the intensity of 
Tv 


the minus affection which is measured by © would increase more rapidly as the angle @ approached 
the value 7. And this also shews distinctly what is meant by saying that the change of affec- 
tion, in such causes as we have been considering, is wniform, for this is, in fact, saying that 
dO Ss : : : 

7) must be constant, a condition which must manifestly be satisfied when the case is one of pure 
direction, and when, therefore, there is no reason why © should increase more rapidly for one value 
of @ than another. Whether there be real cases of change of affection coming under the general 
type represented by (-1)°, in which this condition of uniformity is not satisfied, remains to 
be seen. 


15. The condition of uniform change of affection is satisfied by the function 0 = = where 
a 


a is some constant angle, which, in the actual case of pure direction, is a right angle. If © 
have this value, we have 


f@-= eee. (- 1)! sin —; 
2a 2a 


and the impossible direction is given by 


io =) 
Il 
R 


Tv 
For example, let a = At then 
f (0) = cos 20 + (- 1)! sin 20, 
a formula which represent the variation of a cause which changes uniformly, and produces exactly 
opposite effects in directions at right angles to each other. It seems not improbable that this 
formula may be found to represent something real: may it not represent the following case ? 
Suppose a disturbing cause in an elastic medium which propagates simultaneously a condensed 
wave in two opposite directions, and a rarified wave in the direction perpendicular to them : 
then if @ be the condensation which would exist at a given time and a given distance from 
the centre, on the supposition of the condensing cause only acting, may not the complete expres- 
sion for the condensation in the direction determined by the angle @ be 
@ cos 20 + (—1)! @sin 20? 

A rough approximation to this case would be that of a tuning-fork. 

16. A more general law than that expressed by the formula f(@) = (—1)° is given by 

F (0) = m(-1)° + m'(- 1)” + &e. 

There is only one example of this formula which I shall notice : 

Suppose we have a quantity P determined by the equation 

Pf (0) = acos 6+ (-1)!b sin @......(D), 
which comes under the above form of f(@) for the equation, may be written 
a+b o.. ah _@ 
EEC) = (= YF 4s ee 


2 
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We have here an effect which results from two causes, which separately vary uniformly. 
Considering equation (D), we may observe that the difference between it and the equation 


P f(0)= P cos 6 + (— 1)! P sin 0......(E) 


: . . T . . 
is this, that, although both give @ = 0 and @= = es the directions of the components, yet the 


values of Pf (0) and Pf (=) which are the same in the latter case (omitting the sign of affec- 
tion) are different in the former: for in equation (D) 


Pf (0) =a. 


Ps(5) ig naga 


In fact, considering the equations (D) and (£) geometrically, the former represents an ellipse, 
the latter a circle: the angle @ will manifestly be the eccentric anomaly. 


My reason for introducing the formula (D) is that I may remark that, whereas the formula 
(£) represents force considered in the light of pure direction, the formula (D) corresponds to 
a case of polarity. Pure force must, of course, be free from any polarity, that is to say, its 
absolute magnitude must be the same in whatever direction it acts, the direction will modify the 
effect, not diminish or increase it; but there are complicated instances of force in which this is 
not the case, but in which there is polarity ; for example, in the case of an elastic medium under 
constraint from the action of the particles of a crystallized body which contains it. Now the 
formula (D) appears to be exactly calculated to express this kind of force ; to fix our conceptions 
let an elastic medium have the same properties in all sections parallel to the plane of wy, and 
have polarity in that plane; consider any one section, and let the properties of this section 
of the medium be symmetrical about the axes of w and y, then the origin will be a position 
of rest for a particle, and if it be disturbed, the force of restitution may be represented by such 
a formula as (D). 


In examining that formula we find that there are two directions perpendicular to each other, 
for which the force of restitution is in the direction of displace- 
ment; for all other displacements the force of restitution is not 
in the same direction, but will have to be determined thus; let 
AP be the direction of displacement: take APB proportional to 
a+ 6, and AD, making the same angle with 4x as AB, propor- 
tional to a — b; complete the parallelogram ABCD, and draw 
through P a line parallel to the diagonal AC; this will be the 
direction of the force of restitution. | Hence then it appears, that 
the formula (D) will represent the kind of law which determines 
the force of restitution on a disturbed particle in the case of uniaxal crystals. 


H. GOODWIN. 


XXII. On the Theories of the Internal Friction of Fluids in Motion, and of the 
Equilibrium and Motion of Elastic Solids. By G. G. Stoxes, M.A., Fel- 
low of Pembroke College. 


[Read April 14, 1845.] 


Tue equations of Fluid Motion commonly employed depend upon the fundamental hypothesis 
that the mutual action of two adjacent elements of the fluid is normal to the surface which 
separates them. From this assumption the equality of pressure in all directions is easily deduced, 
and then the equations of motion are formed according to D’Alembert’s principle. This appears 
to me the most natural light in which to view the subject; for the two principles of the absence 
of tangential action, and of the equality of pressure in all directions ought not to be assumed 
as independent hypotheses, as is sometimes done, inasmuch as the latter is a necessary consequence 
of the former*. The equations of motion so formed are very complicated, but yet they admit 
of solution in some instances, especially in the case of small oscillations. The results of the theory 
agree on the whole with observation, so far as the time of oscillation is concerned. But there 
is a whole class of motions of which the common theory takes no cognizance whatever, namely, those 
which depend on the tangential action called into play by the sliding of one portion of a fluid along 
another, or of a fluid alone the surface of a solid, or of a different fluid, that action in fact w hich 
performs the same part with fluids that friction does with solids. 

Thus, when a ball pendulum oscillates in an indefinitely extended fluid, the common theory 
gives the are of oscillation constant. Observation however shows that it diminishes very rapidly 
in the case of a liquid, and diminishes, but less rapidly, in the case of an elastic fluid. It has 
indeed been attempted to explain this diminution by supposing a friction to act on the ball, 
and this hypothesis may be approximately true, but the imperfection of the theory is shown 
from the circumstance that no account is taken of the equal and opposite friction of the ball on 
the fluid. 

Again, suppose that water is flowing down a straight aqueduct of uniform slope, what will be 
the discharge corresponding to a given slope, and a given form of the bed? Of what magnitude 
must an aqueduct be, in order to supply a given place with a given quantity of water? Of what 
form must it be, in order to ensure a given supply of water with the least expense of materials 
in the construction? These, and similar questions are wholly out of the reach of the common 
theory of Fluid Motion, since they entirely depend on the laws of the transmission of that 
tangential action which in it is wholly neglected. In fact, according to the common theory 
the water ought to flow on with uniformly. accelerated Ses ; for even the supposition of 
a certain friction against the bed would be of no avail, for such friction could not be transmitted 
through the mass. The practical importance of such questions as those above mentioned has 
made them the object of numerous experiments, from which empirical formulz have been con- 
structed. But such formule, although fulfilling well enough the purposes for which they were 


‘ 


* This may be easily shown by the consideration of a tetrahedron of the fluid, as in Art. 4. 
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constructed, can hardly be considered as affording us any material insight into the laws of nature ; 
nor will they enable us to pass from the consideration of the phenomena from which they were 
derived to that of others of a different class, although depending on the same causes. 

In reflecting on the principles according to which the motion of a fluid ought to be ca!culated 
when account is taken of the tangential force, and consequently the pressure not supposed the 
same in all directions, I was led to construct the theory explained in the first section of this 
paper, or at least the main part of it, which consists of equations (13), and of the principles 
on which they are formed. I afterwards found that Poisson had written a memoir on the same 
subject, and on referring to it I found that he had arrived at the same equations. The method 
which he employed was however so different from mine that I feel justified in laying the latter 
before this Society*, The leading principles of my theory will be found in the hypotheses of 
Art. 1, and in Art. 3. 

The second section forms a digression from the main object of this paper, and at first sight 
may appear to have little connexion with it. In this section I have, I think, succeeded in shewing 
that Lagrange’s proof of an important theorem in the ordinary theory of Hydrodynamics is 
untenable. The theorem to which I refer is the one of which the object is to show that 
uda +vdy + wdx, (using the common notation,) is always an exact differential when it is so 
at one instant. I have mentioned the principles of M. Cauchy’s proof, a proof, I think, liable 
to no sort of objection. I have also given a new proof of the theorem, which would have served to 
establish it had M. Cauchy not been so fortunate as to obtain three first integrals of the general 
equations of motion. As it is, this proof may possibly be not altogether useless. 

Poisson, in the memoir to which I have referred, begins with establishing, according to 
his theory, the equations of equilibrium and motion of elastic solids, and makes the equations of 
motion of fluids depend on this theory. On reading his memoir, I was led to apply to the theory 
of elastic solids principles precisely analogous to those which I have employed in the case of 
fluids. The formation of the equations, according to these principles, forms the subject of 
Sect. 111. 

The equations at which I have thus arrived contain two arbitrary constants, whereas Poisson’s 
equations contain but one. In Sect. 1v. I have explained the principles of Poisson’s theories of 
elastic solids, and of the motion of fluids, and pointed out what appear to me serious objections 
against the truth of one of the hypotheses which he employs in the former. This theory seems 
to be very generally received, and in consequence it is usual to deduce the measure of the cubical 
compressibility of elastic solids from that of their extensibility, when formed into rods or wires, 
or from some quantity of the same nature. If the views which I have explained in this section 
be correct, the cubical compressibility deduced in this manner is too great, much too great in 
the case of the softer substances, and even the softer metals. The equations of Sect. 111. have, 
I find, been already obtained by M. Cauchy in his Ewercises Mathématiques, except that he 
has not considered the effect of the heat developed by sudden compression. The method which 
I have employed is different from his, although in some respects it much resembles it. 

The equations of motion of elastic solids given in Sect. 111. are the same as those to which 
different authors have been led, as being the equations of motion of the luminiferous ether in 
vacuum. It may seem strange that the same equations should have been arrived at for cases 
so different; and I believe this has appeared to some a serious objection to the employment of 
those equations in the case of light. I think the reflections which I have made at the end of 
Sect. 1v., where I have examined the consequences of the law of continuity, a law which seems 
to pervade nature, may tend to remove the difficulty. 


* The same equations have also been obtained by Navier | T. vi.) but his principles differ from mine still more than da 
in the case of an incompressible fluid, (Mém. de I’ Institut, | Poisson's, 
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SECTION EF 


Explanation of the Theory af Fluid Motion proposed. Formation of the Differential 
Equations. Application of these Equations to a few simple cases. 


1. Berrore entering on the explanation of this theory, it will be necessary to define, or fix 
the precise meaning of a few terms which I shall have occasion to employ. 

In the first place, the expression ‘‘ the velocity of a fluid at any particular point” will require 
some notice. If we suppose a fluid to be made up of ultimate molecules, it is easy to see that these 
molecules must, in general, move among one another in an irregular manner, through spaces 
comparable with the distances between them, when the fluid is in motion. But since there 
is no doubt that the distance between two adjacent molecules is quite insensible, we may neglect the 
irregular part of the velocity, compared with the conimon velocity with which all the molecules 
in the neighbourhood of the one considered are moving. Or, we may consider the mean velocity 
of the molecules in the neighbourhood of the one considered, apart from the velocity due to 
the irregular motion. It is this regular velocity which I shall understand by the velocity of 
a fluid at any point, and I shall accordingly regard it as varying continuously with the 
co-ordinates of the point. 

Let P be any material point in the fluid, and consider the instantaneous motion of a very 
small element £ of the fluid about P, This motion is compounded of a motion of translation, 
the same as that of P, and of the motion of the several points of E relatively to P. If we 
conceive a velocity equal and opposite to that of P impressed on the whole element, the remaining 
velocities form what I shall call the relative velocities of the points of the fluid about P; and 
the motion expressed by these velocities is what I shall call the relative motion in the neigh- 
bourhood of P. 

It is an undoubted result of observation that the molecular forces, whether in solids, liquids, 
or gases, are forces of enormous intensity, but which are sensible at only insensible distances. 
Let E’ be a very small element of the fluid circumscribing E, and of a thickness greater than 
the distance to which the molecular forces are sensible. The forces acting on the element E 
are the external forces, and the pressures arising from the molecular action of E’. If the 
molecules of £ were in positions in which they could remain at rest if E were acted on by no 
external force and the molecules of E’ were held in their actual positions, they would be in 
what I shall call a state of relative equilibrium. Of course they may be far from being in a 
state of actual equilibrium. Thus, an element of fluid at the top of a wave may be sensibly in 
a state of relative equilibrium, although far removed from its position of equilibrium. Now, in 
consequence of the intensity of the molecular forces, the pressures arising from the molecular action 
on £ will be very great compared with the external moving forces acting on E. Consequently 
the state of relative equilibrium, or of relative motion, of the molecules of E will not be sensibly 
affected by the external forces acting on E. But the pressures in different directions about 
the point P depend on that state of relative equilibrium or motion, and consequently will not 
be sensibly affected by the external moving forces acting on E. For the same reason they will net 
be sensibly affected by any motion of rotation common to all the points cf #; and it is a direct 
consequence of the second law of motion, that they will not be affected by any motion of translation 
common to the whole element. If the molecules of & were in a state of relative equilibrium, 
the pressure would be equal in all directions about P, as in the case of fluids at rest. Hence 
I shall assume the following principle :— 

That the difference between the pressure on a plane in a given direction passing through 
any point P of a fluid in motion and the pressure which would ewist in all directions 
about P if the fluid in its neighbourhood were in a state of relative equilibrium depends 
only on the relative motion of the fluid immediately about P; and that the relative motion 
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due to any motion of rotation may be eliminated without affecting the differences of the pressures 
above mentioned. 
Let us see how far this principle will lead us when it is carried out. 


2. It will be necessary now to examine the nature of the most general instantaneous motion 
of an element of a fluid. The proposition in this article is however purely geometrical, and 
may be thus enunciated :—‘‘ Supposing space, or any portion of space, to be filled with an 
infinite number of points which move in any continuous manner, retaining their identity, to 
examine the nature of the instantaneous motion of any elementary portion of these points.” 

Let w, v, w be the resolved parts, parallel to the rectangular axes Ow, Oy, Ox, of the 
velocity of the point P, whose co-ordinates at the instant considered are w, y, z. Then the 
relative velocities at the point P’, whose co-ordinates are «+a, y+y', x + 2’, will be 


du’ du du, 
ae oy dy y + ae = parallel to a, 
GU Dadi? Jae tpa, 
ah 4 dy” +- Asad cocveccen® secs Ys 
dw , dw, dw, 
ae das, ato F Pade a ncaa a 


neglecting squares and products of a, y, x. Let these velocities be compounded of those die 
to the angular velocities w’, w, w” about the axes of x, y, z, and of the velocities U, V, W 
parallel to a, y, %. The linear velocities due to the angular velocities being a Smit y's 
wv’ — w 3, wy — wa parallel to the axes of 2, y, x, we shall therefore have 
du fp du we , du ” , 
Tea t( +o" )y + Bele 
dx dy z 


y 


dw ON dw \ PA Dee 
We (H+ Je Te (Go -') v4 Fe 
dx y 
Since w, w’, w” are arbitrary, let them be so assumed that 


dy dx’ dx dy’ dz’ Seis 


which gives 


dw dv du dw dv dw 
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The quantities w, w’, w” are what I shall call the angular velocities of the fiuid at the 
point considered, This is evidently an allowable definition, since, in the particular case in which 
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the element considered moves as a solid might do, these quantities coincide with the angular 
velocities considered in rigid dynamics. A further reason for this definition will appear in Sect. 111. 

Let us now investigate whether it is possible to determine a’, y’, x’ so that, considering only 
the relative velocities U, V, W, the line joining the points P, P’ shall have no angular motion. 
The conditions to be satisfied, in order that this may be the case, are evidently that the incre- 
ments of the relative co-ordinates a’, y’, x’ of the second point shall be ultimately proportional 
to those co-ordinates. If e be the rate of extension of the line joining the two points considered, 
we shall therefore have 


Fa +hy +gx =e, 


ha’ +Gy+fx =ey, ja ae sedens(8) 
gr +fy + Hx =e’; | 
du dv dw dv dw dw du du dv 
— os =—, =—y, 9f= — — 5 9g = — — 2 =— —. 
vere aaa a eae iar P da * ds’ dy * de 


If we eliminate from equations (3) the two ratios which exist between the three quantities 
aw’, y’, x’, we get the well known cubic equation 


(e — F) (e —- G) (e - H) -f*? (e - F) -g (e-G) -h' (e - A) - 2fgh=0,...... (4) 


which occurs in the investigation of the principal axes of a rigid body, and in various others. 
As in these investigations, it may be shewn that there are in general three directions, at right 
angles to each other, in which the point P’ may be situated so as to satisfy the required conditions. 
If two of the roots of (4) are equal, there is one such direction corresponding to the third root, and 
an infinite number of others situated in a plane perpendicular to the former; and if the three 
roots of (4) are equal, a line drawn in any direction will satisfy the required conditions. 

The three directions which have just been determined I shall call axes of extension. They 
will in general vary from one point to another, and from one instant of time to another. If we 
denote the three roots of (4) by e’, e”, e’’, and if we take new rectangular axes Ox, Oy, Oz, 
parallel to the axes of extension, and denote by u,, U,, &c. the quantities referred to these 
axes corresponding to u, U, &c., equations (3) must be satisfied by y’ = 0, z/ = 0, e=e', byw =0, 
z/=0, e=e", and by w/=0, y’=0, e=e'", which requires that f=0, g=0, h,=0, and 
we have 

du, dv, 4 dw 


eé=F =—, e"=G=—, SSS 


dx, ‘ dy 


The values of U, V, W,, which correspond to the residual motion after the elimination of 
the motion of rotation corresponding to w’, w” and w’’, are 


r | eS 1 Ae BEL AT em LA 
U,=eax,, V=ey’, Wee'sz,. 


The angular velocity of which w’, w’, #” are the components is independent of the arbitrary 
directions of the co-ordinate axes: the same is true of the directions of the axes of extension, 
and of the values of the roots of equation (4). This might be proved in various ways; perhaps 
the following is the simplest. The conditions by which w’, w”, w” are determined are those which 
express that the relative velocities U, V, W, which remain after eliminating a certain angular 
velocity, are such that Udw + Vdy'+ Wd:z' is ultimately an exact differential, that is to say 
when squares and products of a’, y’ and =’ are neglected. It appears moreover from the solution 
that there is only one way in which these conditions can be satisfied for a given system of 
co-ordinate axes, Let us take new rectangular axes Ox, Oy, Oz, and let U, V, W be the resolved 
parts along these axes of the velocities U, V, W, and x’, y’, z’, the relative co-ordinates of P’; then 
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U =U cosax + V cosay + W cos vz, 
dx’ = cos xxdx’ + cos vy dy’ + cos vzdz’, &e.; 


whence, taking account of the well known relations between the cosines involved in these equations, 
we easily find 
Uda’ + Vdy' + Wdz' = Udx' + Vdy'+ Wdz’. 


It appears therefore that the relative velocities U, V, W, which remain after eliminating a certain 
angular velocity, are such that Udx’+Vdy' + Wdz' is ultimately an exact differential. Hence 
the values of U, V, W are the same as would have been obtained from equations (2) applied 
directly to the new axes, whence the truth of the proposition enunciated at the head of this 
paragraph is manifest. 

The motion corresponding to the velocities U,V, W, may be further decomposed into a 
motion of dilatation, positive or negative, which is alike in all directions, and two motions which I 
shall call motions of shifting, each of the latter being in two dimensions, and not affecting the 
density. For let 8 be the rate of linear extension corresponding to a uniform dilatation; let ow/, 
—ay, be the velocities parallel to x, y,, corresponding to a motion of shifting parallel to the 
the plane v,y,, and let oa’, —c’z; be the velocities parallel to x, =, corresponding to a similar 
motion of shifting parallel to the plane az, The velocities parallel to x, y, , respectively 
corresponding to the quantities d, ¢ and go’ will be (0+a+0)a/,(6-a)y’, (0-0) z;, and 
equating these to U, V,, W, we shall get 


mm” 


d=t(e+e’+ ee”), c= (+ e"-2e"), c=h(e+e’— 27). 


Hence the most general instantaneous motion of an elementary portion of a fluid is compounded 
of a motion of translation, a motion of rotation, a motion of uniform dilatation, and two motions of 
shifting of the kind just mentioned. 


3. Having determined the nature of the most general instantaneous motion of an element 
of a fluid, we are now prepared to consider the normal pressures and tangential forces called 
into play by the relative displacements of the particles. Let p be the pressure which would exist 
about the point P if the neighbouring molecules were in a state of relative equilibrium: let p + p, 
be the normal pressure, and ¢, the tangential action, both referred to a unit of surface, on a plane 
passing through P and having a given direction. By the hypotheses of Art. 1. the quantities p, ¢, 
will be independent of the angular velocities w’, w’, w”’, depending only on the residual relative 
velocities U,V,W, or, which comes to the same, on e’, e” and e”’, or on o,¢’ and 6. Since this residual 
motion is symmetrical with respect to the axes of extension, it follows that if the plane considered 
is perpendicular to any one of these axes the tangential action on it is zero, since there is no more 
reason why it should act in one direction rather than in the opposite; for by the hypotheses 
of Art. 1. the change of density and temperature about the point P is to be neglected, the 
constitution of the fluid being ultimately uniform about that point. Denoting then by p+p’, 
p+p',p+p’’ the pressures on planes perpendicular to the axes of #,, y,, x, we must have 


P= Peres VP re es w= PEs ee") 
p (e', e’, e’”) denoting a function of e’, e” and e” which is symmetrical with respect to the two 
latter quantities. The question is now to determine, on whatever may seem the most probable 
hypothesis, the form of the function @. 

Let us first take the simpler case in which there is no dilatation, and only one motion of 
shifting, or in which e” = —e’, e”” =0, and let us consider what would take place if the 
fluid consisted of smooth molecules acting on each other by actual contact. On this supposition, 
it is clear, considering the magnitude of the pressures acting on the molecules compared with 
their masses, that they would be sensibly in a position of relative equilibrium, except when 
the equilibrium of any one of them became impossible from the displacement of the adjoining 
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ones, in which case the molecule in question would start into a new position of equilibrium. This 
start would cause a corresponding displacement in the molecules immediately about the one which 
started, and this disturbance would be propagated immediately in all directions, the nature of the 
displacement however being different in different directions, and would soon become insensible. 
During the continuance of this disturbance, the pressure on a small plane drawn through the 
element considered would not be the same in all directions, nor normal to the plane: or, which 
comes to the same, we may suppose a uniform normal pressure p to act, together with a normal 
pressure p,, and a tangential force ¢,, p, and ¢, being forces of great intensity and short duration, 
that is being of the nature of impulsive forces. As the number of molecules comprised in the 
element considered has been supposed extremely great, we may take a time 7 so short that all 
summations with respect to such intervals of time may be replaced without sensible error by 
integrations, and yet so long that a very great number of starts shall take place in it. 
Consequently we have only to consider the average effect of such starts, and moreover we may 
without sensible error replace the impulsive forces such as p,, and ¢,, which succeed one another 
with great rapidity, by continuous forces. For planes perpendicular to the axes of extension 
these continuous forces will be the normal pressures p’, p”, p’” 

Let us now consider a motion of shifting differing from the former only in having e’ increased 
in the ratio of m to 1. Then, if we suppose each start completed before the starts which would 
be sensibly affected by it are begun, it is clear that the same series of starts will take place in the 
second case as in the first, but at intervals of time which are less in the ratio of 1 to m. 
Consequently the continuous pressures by which the impulsive actions due to these starts may be 
replaced must be increased in the ratio of m to 1. Hence the pressures p’, p”, p”’ must be 
proportional to e’, or we must have 

p=Ce, p'=Cé, p” =C'e. 

It is natural to suppose that these formule held good for negative as well as positive values 
of e. Assuming this to be true, let the sign of e’ be changed. This comes to interchanging 
wand y, and consequently p’” must remain the same, and p’ and p” must be interchanged. We 
must therefore have C” = 0, C’=-—C. Putting then C = — 2u we have 


, or 


p=—2ne, p’=2ne, p”’=0. 

It has hitherto been supposed that the molecules of a fluid are in actual contact. We 
have every reason to suppose that this is not the case. But precisely the same reasoning will apply 
if they are separated by intervals as great as we please compared with their magnitudes, provided 
only we suppose the force of restitution called into play by a small displacement of any one 
molecule to be very great. 

Let us now take the case of two motions of shifting which coexist, and let us suppose 
e=ata, e’=-—a, e”’=-—o'. Let the small time + be divided into 2” equal portions, and 
let us suppose that in the first interval a shifting motion corresponding to e = 2a, e’= — 2 takes 
place parallel to the plane v, y, and that in the second interval a shifting motion corresponding 
to e'= 20’, e”” = — 2o’ takes place parallel to the plane x, x, and so on alternately. On this 


e,e Ona e . TT . 5 
supposition it is clear that if we suppose the time = to be extremely small, the continuous forces 
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by which the effect of the starts may be replaced will be p'= — 2u(o + 0’), p"=2uo, p= 2uc. By 
supposing » indefinitely increased, we may make the motion considered approach as near as we 
please to that in which the two motions of shifting coexist; but we are not at liberty to do so, 


: ' : SS 
for in order to apply the above reasoning we must suppose the time — to be so large that the 


average effect of the starts which occur in it may be taken. Consequently it must be taken as an 
additional assumption, and not a matter of absolute demonstration, that the effects of the two 
motions of shifting are superimposed, 


294 Mr. STOKES, ON THE FRICTION OF FLUIDS IN MOTION, 


Hence if 6 = 0, i.e. if e +e” +e” =0, we shall have in general 
Dp = = 2ne a, P = —2he ss Py = — SW \connds-acdese sester (5) 


It was by this hypothesis of starts that I first arrived at these equations, and the differential 
equations of motion which result from them. On reading Poisson’s memoir however, to which 
I shall have occasion to refer in Section 1v., I was led to reflect that however intense we may 
suppose the molecular forces to be, and however near we may suppose the molecules to be to their 
positions of relative equilibrium, we are not therefore at liberty to suppose them in those positions, 
and consequently not at liberty to suppose the pressure equal in all directions in the intervals of 
time between the starts. In fact, by supposing the molecular forces indefinitely increased, 
retaining the same ratios to each other, we may suppose the displacements of the molecules from 
their positions of relative equilibrium indefinitely diminished, but on the other hand the force of 
restitution called into action by a given displacement is indefinitely increased in the same proportion. 
But be these displacements what they may, we know that the forces of restitution make equilibrium 
with forces equal and opposite to the effective forces; and in calculating the effective forces we 
may neglect the above displacements, or suppose the molecules to move in the paths in which they 
would move if the shifting motion took place with indefinite slowness. Let us first consider a 
single motion of shifting, or one for which e” = — e’, e”’ =0, and let p, and ¢ denote the same 
quantities as before. If we now suppose e’ increased in the ratio of m to 1, all the effective forces 
will be increased in that ratio, and consequently p, and f, will be increased in the same ratio. We 
may deduce the values of p’, p” and p” just as before, and then pass by the same reasoning to 
the case of two motions of shifting which coexist, only that in this case the reasoning will be demon- 


strative, since we may suppose the time apn indefinitely diminished. If we suppose the state of 
n 


things considered in this paragraph to exist along with the motions of starting already considered, 
it is easy to see that the expressions for p’, p” and p’” will still retain the same form. 

There remains yet to be considered the effect of the dilatation. Let us first suppose the 
dilatation to exist without any shifting: then it is easily seen that the relative motion of the 
fluid at the point considered is the same in all directions. Consequently the only effect which 
such a dilatation could have would be to introduce a normal pressure p,, alike in all directions, in 
addition to that due to the action of the molecules supposed to be in a state of relative equilibrium. 
Now the pressure p, could only arise from the aggregate of the molecular actions called into play 
by the displacements of the molecules from their positions of relative equilibrium ; but since these 
displacements take place, on an average, indifferently in all directions, it follows that the actions 
of which p, is composed neutralize each other, so that p = 0. The same conclusion might be 
drawn from the hypothesis of starts, supposing, as it is natural to do, that each start calls into 
action as much increase of pressure in some directions as diminution of pressure in others. 

If the motion of uniform dilatation coexists with two motions of shifting, I shall suppose, 
for the same reason as before, that the effects of these different motions are superimposed. Hence 
subtracting 6 from each of the three quantities e’, e” and e”, and putting the remainders in the 
place of e’, e” and e”’ in equations (5), we have 


mt 


p =8u(e" +e” — 2c’), p” =2n(e" +e — 2e"), p'” = Bu(e’ + e” — 2e")......... (6) 


, , 


If we had started with assuming @(e’, e’, e”) to be a linear function of e’, e” and e”, 
avoiding all speculation as to the molecular constitution of a fluid, we should have had at once 
p =Ce + C (e+e), since p’ is symmetrical with respect to e” and e”’; or, changing the 
constants, p’ = Bu(e” +e” —2e') + «(e+e +e”). The expressions for p” and p” would be 
obtained by interchanging the requisite quantities. Of course we may at once put x =0 if we 
assume that in the case of a uniform motion of dilatation the pressure at any instant depends 
only on the actual density and temperature at that instant, and not on the rate at which the 
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former changes with the time. In most cases to which it would be interesting to apply the 
theory of the friction of fluids the density of the fluid is either constant, or may without sensible 
error be regarded as constant, or else changes slowly with the time. In the first two cases the 
results would be the same, and in the third case nearly the same, whether « were equal to zero or 
not. Consequently, if theory and experiment should in such cases agree, the experiments must 
not be regarded as confirming that part of the theory which relates to supposing « to be 


equal to zero. 


4. It will be easy now to determine the oblique pressure, or resultant of the normal pressure 
and tangential action, on any plane. Let us first consider a plane drawn through the point P 
parallel to the plane yx. Let Ow, make with the axes of «, y, x angles whose cosines are J’, m’, n’ ; 
let 7’, m”, n” be the same for Oy,, and 1”, m’’, n’” the same for Ox. Let P, be the pressure, 
and (#ty), (wt) the resolved parts, parallel to y, x respectively, of the tangential force on the 
plane considered, all referred to a unit of surface, (vty) being reckoned positive when the part 
of the fluid towards —@ urges that towards +a in the positive direction of y, and similarly 
for (vtz). Consider the portion of the fluid comprised within a tetrahedron having its vertex 
in the point P, its base parallel to the plane yx, and its three sides parallel to the planes ay, Y,2, 
% w, respectively. Let A be the area of the base, and therefore l' A, 4, lA the areas of the faces 
perpendicular to the axes of w, y,%, By D*’Alembert’s principle, the pressures and tangential 
actions on the faces of this tetrahedron, the moving forces arising from the external attractions, 
not including the molecular forces, and forces equal and opposite to the effective moving forces will 
be in equilibrium, and therefore the sums of the resolved parts of these forces in the directions 
of vw, y and x will each be zero. Suppose now the dimensions of the tetrahedron indefinitely 
diminished, then the resolved parts of the external, and of the effective moving forces will vary 
ultimately as the cubes, and those of the pressures and tangential forces on the sides as the 
squares of homologous lines. Dividing therefore the three equations arising from equating to zero 
the resolved parts of the above forces by 4, and taking the limit, we have 


P\= SI" (p +p’), (wty) = =U'm' (p + p+), (etx) = SU'n'(p + p’), 


the sign = denoting the sum obtained by taking the quantities corresponding to the three axes 
of extension in succession. Putting for p’, p” and p” their values given by (6), putting e’+e’+e" 
= 36, and observing that S/’*=1, =l'm’=0, S/'n'=0, the above equations become 


P\= p —2n Sle +2ud, (vty) =-2yndIm'e’, (atx) = -2u dl n’e’. 


The method of determining the pressure on any plane from the pressures on three planes 
at right angles to each other, which has just been given, has already been employed by MM. Cauchy 
and Poisson. 

The most direct way of obtaining the values of S/%e’ &c. would be to express /, m and 
n’ in terms of e’ by any two of equations (3), in which 2’, y’, 2’ are proportional to /’, m’, n’, 
together with the equation /'* + m” + n= 1, and then to express the resulting symmetrical function 
of the roots of the cubic equation (4) in terms of the coefficients. But this method would 
be excessively laborious, and need not be resorted to. For after eliminating the angular motion of 
the element of fluid considered the remaining velocities are e'x,/, e’y/, ez’, parallel to the axes of 
@,y, x, The sum of the resolved parts of these parallel to the axis of w is e’w/+ Ue"y/+ Ue" x. 
Putting for v/, y/, x/ their values /'a'+ m'y' + n'x’ &c., the above sum becomes 

vw Sle +ySIm'e +2 Sine’; 


but this sum is the same thing as the velocity U in equation (2), and therefore we have 
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It may also be very easily proved directly that the value of 36, the rate of cubical dilatation, 
satisfies the equation 


3 du dv dw 
380= a + dy + Ae dieleie(vetalaipio\y'c'oieie'h/elein\o:nip\sieis creie (7) 

Let P., (ytz), (ytw) be the quantities referring to the axis of y, and P;, (ztw), (ty) those 
referring to the axis of x, which correspond to P, &c. referring to the axis of w Then we see 
that (ytx) = (ety), (stw) = (wtz), (wty) = (ytx). Denoting these three quantities by 7, T',, 7's, 
and making the requisite substitutions and interchanges, we have 


- dv dw dw dw dus dv 
T,=-u ae) > T2=-p (—+—), Eei= yp agri) 

It may also be useful to know the components, parallel to w, y, x, of the oblique pressure on a 
plane passing through the point P, and having a given direction. Let /, m, m be the cosines of the 
angles which a normal to the given plane makes with the axes of a, y, =; let P,Q, R be the 
components, referred to a unit of surface, of the oblique pressure on this plane, P, Q, R being 
reckoned positive when the part of the fluid in which is situated the normal to which /, m and n 
refer is urged by the other part in the positive directions of 2, y, x, when d, m and nm are positive. 
Then considering as before a tetrahedron of which the base is parallel to the given plane, the 
vertex in the point P, and the sides parallel to the co-ordinate planes, we shall have 


PUP) +m Dat les 
QM ties hI, Uns reese ca yacsetecs esse ceeciseeie (9) 
Ratti mT,+0P,| 


In the simple case of a sliding motion for which w=0, v=f(«), w=0, the only forces, 
besides the pressure p, which act on planes parallel to the co-ordinate planes are the two tangential 


forces T',, the value of which in this case is — u a In this case it is easy to show that the axes of 
v 


extension are, one of them parallel to Ox, and the two others in a plane parallel to wy, and inclined 
at angles of 45° to Ow. We see also that it is necessary to suppose « to be positive, since 
otherwise the tendency of the forces would be to increase the relative motion of the parts of the 
fluid, and the equilibrium of the fluid would be unstable. 


5. Having found the pressures about the point P on planes parallel to the co-ordinate planes, 
it will be easy to form the equations of motion. Let X, Y, Z be the resolved parts, parallel 
to the axes, of the external force, not including the molecular force; let p be the density, ¢ the 
time. Consider an elementary parallelepiped of the fluid, formed by planes parallel to the 
co-ordinate planes, and drawn through the point (a, y, x) and the point (w+ Aw, y+ Ay, x + Az). 
The mass of this element will be ultimately p Aw Ay Ax, and the moving force parallel to a arising 
from the external forces will be ultimately pX Aw Ay Az; the effective moving force parallel 


D iy he : 3 
to « will be ultimately p 5) 42 Ay Ax, where D is used, as it will be in the rest of this paper, 
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to denote differentiation in which the independent variables are ¢ and three parameters of the 
particle considered, (such for instance as its initial co-ordinates,) and not t, x, y, #. It is easy also 


to show that the moving force acting on the element considered arising from the oblique pressures 


: : ae dts at, = hte : Bhat 
on the faces is ultimately (—— as as = Aa Ay &2, acting in the negative direction. Hence 


we have by D’Alembert’s principle 
Du aP, aT, dT, 

athe S's sei iret: 
(ae rare 


=O} Sues, -Sefacntadiow ele- ageless aaaae- (LO) 


F hich i a Dea Du it lu du du du du a Mase ¥ Dv 
s we mus or — its value — +u v — simile — 
in which equations we must pu ie as aa ay + ws and similarly for z 


and Fee In considering the general equations of motion it will be needless to write down more 


than one, since the other two may be at once derived from it by interchanging the requisite 
quantities. The equations (10), the ordinary equation of continuity, as it is called, 


d d d dpw 
aly -+ ape + EAS + ss eat =0 
dt dw dy dz 


which expresses the condition that there is no generation or destruction of mass in the interior 
of a fluid, the equation connecting p and p, or in the case of an incompressible fluid the equivalent 


equation aie 0, and the equation for the propagation of heat, if we choose to take account 
of that propagation, are the only equations to be satisfied at every point of the interior of 
the fluid mass. 

As it is quite useless to consider cases of the utmost degree of generality, I shall suppose 
the fluid to be homogeneous, and of a uniform temperature throughout, except in so far as the 
temperature may be raised by sudden compression in the case of small vibrations. Hence in 
equations (10) ~ may be supposed to be constant as far as regards the temperature; for, in the 
case of small vibrations, the terms introduced by supposing it to vary with the temperature 
would involve the square of the velocity, which is supposed to be neglected. If we suppose 
p to be independent of the pressure also, and substitute in (10) the values of P, &c. given by (8), 
the former equations become 


Du dp Cu du du mam d (du dv dw’ 
Bl ge Jeeta PN ares as) a bar ae dz 


dx 3 dx 


Let us now consider in what cases it is allowable to suppose « to be independent of the 
pressure. It has been concluded by Dubuat, from his experiments on the motion of water in 
pipes and canals, that the total retardation of the velocity due to friction is not increased by 
increasing the pressure. The total retardation depends, partly on the friction of the water 
against the sides of the pipe or canal, and partly on the mutual friction, or tangential action, 
of the different portions of the water. Now if these two parts of the whole retardation were 
separately variable with p, it is very unlikely that they should when combined give a result 
independent of p. The amount of the internal friction of the water depends on the value of u. 
I shall therefore suppose that for water, and by analogy for other incompressible fluids, « is 
independent of the pressure. On this supposition, we have from equations (11) and (12) 


Du ) dp ‘du @u = aan! 18) 
a —_— = —- —_ +— = ; TC. wea wocascce . 
p = +e "gar t dy de ( 
du dv dw 
dxe dy ds 


Vor. VIIT. Parr III. Qe 


298 Mr. STOKES, ON THE FRICTION OF FLUIDS IN MOTION, 


‘These equations are applicable to the determination of the motion of water in pipes and canals, 
to the calculation of the effect of friction on the motions of tides and waves, and such questions. 

If the motion is very small, so that we may neglect the square of the velocity, we may 

Du _ du 
Re DE ue 
determination of the motion of a pendulum oscillating in water, or of that of a vessel filled with 
water and made to oscillate. They are also applicable to the determination of the motion of 
a pendulum oscillating in air, for in this case we may, with hardly any error, neglect the 
compressibility of the air. 

The case of the small vibrations by which sound is propagated in a fluid, whether a 


, &c. in equations (13). The equations thus simplified are applicable to the 


: : ; _, au Nats 
liquid or a gas, is another in which ae ay be neglected. For in the case of a liquid reasons 


have been shown for supposing ,» to be independent of p, and in the case of a gas we may neglect 


Cre 1 : A cpa 

a if we neglect the small change in the value of yw, arising from the small variation of 
/p 

pressure due to the forces X, Y, Z. 


6. Besides the equations which must hold good at any point in the interior of the mass, 
it will be necessary to form also the equations which must be satisfied at its boundaries. Let 
M be a point in the boundary of the fluid. Let a normal to the surface at M, drawn on the 
outside of the fluid, make with the axes angles whose cosines are /, m,n. Let P’, Q’, R’ be 
the components of the pressure of the fluid about M on the solid or fluid with which it is in 
contact, these quantities being reckoned positive when the fluid considered presses the solid or fluid 
outside it in the positive directions of w, y, , supposing 7, m and m positive. Let § be a 
very small element of the surface about M, which will be ultimately plane, S” a plane parallel 
and equal to §, and directly opposite to it, taken within the fluid. Let the distance between § 
and § be supposed to vanish in the limit compared with the breadth of |S, a supposition which 
may be made if we neglect the effect of the curvature of the surface at M; and let us consider the 
forces acting on the element of fluid comprised between § and S’, and the motion of this 
element. If we suppose equations (8) to hold good to within an insensible distance from the 
surface of the fluid, we shall evidently have forces ultimately equal to PS, QS, RS, (P,Q and R 
being given by equations (9),) acting on the inner side of the element in the positive directions of 
the axes, and forces ultimately equal to P'S, Q'S, R'S acting on the outer side in the negative 
directions. ‘The moving forces arising from the external forces acting on the element, and the 
effective moving forces will vanish in the limit compared with the forces PS, &c.: the same 
will be true of the pressures acting about the edge of the element, if we neglect capillary 
attraction, and all forces of the same nature. Hence, taking the limit, we shall have 


P =P, QVQ=Q, R=R. 


The method of proceeding will be different according as the bounding surface considered is a 
free surface, the surface of a solid, on the surface of separation of two fluids, and it will be 
necessary to consider these cases separately, Of course the surface of a liquid exposed to the 
air is really the surface of separation of two fluids, but it may in many cases be regarded as 
a free surface if we neglect the inertia of the air: it may always be so regarded if we neglect 
the friction of the air as well as its inertia. 

Let us first take the case of a free surface exposed to a pressure [], which is supposed to 
be the same at all points, but may vary with the time; and let L=0 be the equation to the 
surface. In this case we shall have P’ =7I], Q’=mlIl, R’=nI11; and putting for P, Q, # their 
values given by (9), and for P, &c. their values given by (8), and observing that in this case 
§=0. we shall have 
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(F+5 ee = Ag (4 
dy =) n ie ap \ 5 Cryesencccee ) 


dL dL aL 
da’ dy’ dz 


du 
(UL = p) +n {20 +m 


in which equations /, m, m will have to be replaced by , to which they are pro- 


portional. 
If we choose to take account of capillary attraction, we have only to diminish the pressure [I 


1 1 i Pri A 4 
by the quantity H (= - =)? where H is a positive constant depending on the nature of the fluid, 
a ve 

and r,, 7, are the principal radii of curvature at the point considered, reckoned positive when 
the fluid is concave outwards. Equations (14) with the ordinary equation 


dL dL dL dL 


are the conditions to be satisfied for points at the free surface. Equations (14) are for such 
points what the three equations of motion are for internal points, and (15) is for the former 
what (11) is for the latter, expressing in fact that there is no generation or destruction of fluid 
at the free surface. 

The equations (14) admit of being differently expressed, in a way which may sometimes 
be useful. If we suppose the origin to be in the point considered, and the axis of x to be the 
external normal to the surface, we have /=m=0, n =1, and the equations become 


dw du é dw dv put i dw " 6 
— SS Sah Sr at = oil TU ivaasemvel Seas as oval 
dx " dx dy dx © aids (6) 
The relative velocity parallel to x of a point (2, y’, 0) in the free surface, indefinitely near 
the origin, i BY ii, Sig hence we see that G81 ,.G2 th ] lociti koned 
he n, is —a +—y’: see that —, — ar y S, c 
gin, an dy y dao .dy are the angular velocities, reckone 


from a to x and from y to x respectively, of an element of the free surfaee. Subtracting the 
linear velocities due to these angular velocities from the relative velocities of the point (a’, y/, 2’), 
and calling the remaining relative velocities U, V, W, we shall have 


U du, du, (= dw , 


~ da” * dy” dz dz, 


ye dv ” dv , (= dw r 
da ‘ay? * Fight 
ke 


dz 


Hence we see that the first two of equations (16) express the conditions that Ww? 


dV : : on aorta) 1. 
and alas 0, which are evidently the conditions to be satisfied in order that there may be no 
s ’ , 


sliding motion in a direction parallel to the free surface. It would be easy to prove that these 
are the conditions to be satisfied in order that the axis of x may be an axis of extension. 

The next case to consider is that of a fluid in contact with a solid. The condition which first 
occurred to me to assume for this case was, that the film of fluid immediately in contact with the 
solid did not move relatively to the surface of the solid. I was led to try this condition from the 
following considerations. According to the hypotheses adopted, if there was a very large relative 

a@ee 


300 Mr. STOKES, ON THE FRICTION OF FLUIDS IN MOTION, 


motion of the fluid particles immediately about any imaginary surface dividing the fluid, the 
tangential forces called into action would be very large, so that the amount of relative motion 
would be rapidly diminished. Passing to the limit, we might suppose that if at any instant the 
velocities altered discontinuously in passing across any imaginary surface, the tangential force 
called into action would immediately destroy the finite relative motion of particles indefinitely close 
to each other, so as to render the motion continuous; and from analogy the same might be 
supposed to be true for the surface of junction of a fluid and solid. But having calculated, 
according to the conditions which I have mentioned, the discharge of long straight circular pipes 
and rectangular canals, and compared the resulting formule with some of the experiments of 
Bossut and Dubuat, I found that the formule did not at all agree with experiment. I then 
tried Poisson's conditions in the case of a circular pipe, but with no better success. In fact, it 
appears from experiment that the tangential force varies nearly as the square of the velocity with 
which the fluid flows past the surface of a solid, at least when the velocity is not very small. It 
appears however from experiments on pendulums that the total friction varies as the first power 
of the velocity, and consequently we may suppose that Poisson’s conditions, which include as a 
particular case those which I first tried, hold good for very small velocities. I proceed therefore 
to deduce these conditions in a manner conformable with the views explained in this paper. 


First, suppose the solid at rest, and let ZL = 0 be the equation to its surface. Let M’ be a 
point within the fluid, at an insensible distance h from M. Let @ be the pressure which would 
exist about M if there were no motion of the particles in its neighbourhood, and let p, be the 
additional normal pressure, and ¢, the tangential force, due to the relative velocities of the 
particles, both with respect to one another and with respect to the surface of the solid. If the 
motion is so slow that the starts take place independently of each other, on the hypothesis of starts, 
or that the molecules are very nearly in their positions of relative equilibrium, and if we suppose 
as before that the effects of different relative velocities are superimposed, it is easy to show that 
p, and ¢, are linear functions of w, v, w and their differential coefficients with respect to a, y, and x; 
u, v, Xe. denoting here the velocities of the fuid about the point M’, in the expressions for which 
however the co-ordinates of M may be used for those of M’, since h is neglected. Now the 


L ., du 
&c. are comparable with — h. 
a da 


while those depending on uw, v and w are comparable with these quantities, and therefore in 
considering the action of the fluid on the solid it is only necessary to consider the quantities 
u, v and w. Now since, neglecting A, the velocity at M’ is tangential to the surface at M, 
u, v, and w are the components of a certain velocity V tangential to the surface. The pressure p, 
must be zero; for changing the signs of uw, v, and w the circumstances concerned in its production 
remain the same, whereas its analytical expression changes sign. The tangential force at M will 
be in the direction of V, and proportional to it, and consequently its components along the axes 
of w, y, x will be proportional to uw, v, w. Reckoning the tangential force positive when, 
1, m, and n being positive, the solid is urged in the positive directions of a, y, x, the resolved 
parts of the tangential force will therefore be vu, vv, vw, where v must evidently be positive, 
since the effect of the forces must be to check the relative motion of the fluid and solid. The normal 
pressure of the fluid on the solid being equal to g, its components will be evidently lw, mw, naw. 


relative velocities about the points M and M’ depending on 


Suppose now the solid to be in motion, and let w’, v’, w’ be the resolved parts of the velocity 
of the point M of the solid, and ’, w”, w” the angular velocities of the solid. By hypothesis, 
the forces by which the pressure at any point differs from the normal pressure due to the action of 
the molecules supposed to be in a state of relative equilibrium about that point are independent of 
any velocity of translation or rotation. Supposing then linear and angular velocities equal and 
opposite to those of the solid impressed both on the solid and on the fluid, the former will be for 
an instant at rest, and we have only to treat the resulting velocities of the fluid as in the first case. 
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Hence P'’ =lm@+v(u—w), &c.; and in the equations (8} we may employ the actual velocities 
‘ aS ot ) a 
u, v, Ww, since the pressures P, Q, FR are independent of any motion of translation and rotation 


common to the whole fluid. Hence the equations P’= P, &c. give us 


i 7 o1( > (= dv\ ce dw) & A 
(@w@- p)+tv(u-w) +n =~ - 3) +m dy i) +n 78 of ao, Giyec0 ese) 
which three equations with (15) are those which must be satisfied at the surface of a solid, together 
with the equation L=0. It will be observed that in the case of a free surface the pressures 
P’, Q, R’ are given, whereas in the case of the surface of a solid they are known only by the 
solution of the problem. But on the other hand the form of the surface of the solid is given, 
whereas the form of the free surface is known only by the solution of the problem. 

Dubuat found by experiment that when the mean velocity of water flowing through a pipe is 
less than about one inch in a second, the water near the inner surface of the pipe is at rest. 
If these experiments may be trusted, the conditions to be satisfied in the case of small velocities 
are those which first occurred to me, and which are included in those just given by supposing vy =< . 

I have said that when the velocity is not very small the tangential force called into action by 
the sliding of water over the inner surface of a pipe varies nearly as the square of the velocity. 
This fact appears to admit of a natural explanation. When a current of water flows past an 
obstacle, it produces a resistance varying nearly as the square of the velocity. Now even if the 
inner surface of a pipe is polished we may suppose that little irregularities exist, forming so many 
obstacles to the current. Each little protuberance will experience a resistance varying nearly as 
the square of the velocity, from whence there will result a tangential action of the fluid on the 
surface of the pipe, which will vary nearly as the square of the velocity ; and the same will be true 
of the equal and opposite reaction of the pipe on the fluid. The tangential force due to this cause 
will be combined with that by which the fluid close to the pipe is kept at rest when the velocity 
is sufficiently small. 

There remains to be considered the case of two fluids having a common surface. Let 
uw’, v', w’, mw, 0 denote the quantities belonging to the second fluid corresponding to u, &e. 
belonging to the first. Together with the two equations Z = 0 and (15) we shall have in this 
ease the equation derived from (15) by putting w’, v’', w’ for u,v, w; or, which comes to the 
same, we shall have the two former equations with 

L(u —wu') +m(v—v) +n (w — w’) = 0....2..... 20 (18) 
If we consider the principles on which equations (17) were formed to be applicable to the 
present case, we shall have six more equations to be satisfied, namely (17), and the three 
equations derived from (17) by interchanging the quantities referring to the two fluids, and 
changing the sigus of /, m, nm. These equations give the value of a, and leave five equations 
of condition. If we must suppose y=, as appears most probable, the six equations above 
mentioned must be replaced by the six x’ =u, v'’ =v, w’ = w, and 


Ip — wf (u,v, w) = lp’ - u'f(w', v', w'), &e., 


f (u, v, w) denoting the coefficient of w in the first of equations (17). We have here six equations 
of condition instead of five, but then the equation (18) becomes identical. 


7. The most interesting questions connected with this subject require for their solution a 
knowledge of the conditions which must be satisfied at the surface of a solid in contact with 
the fluid, which, except perhaps in case of very small motions, are unknown. It may be 
well however to give some applications of the preceding equations which are independent of 
these conditions. Let us then in the first place consider in what manner the transmission of 
sound in a fluid is affected by the tangential action. To take the simplest case, suppose that 
no forces act on the fluid, so that the pressure and density are constant in the state of 
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equilibrium, and conceive a series of plane waves to be propagated in the direction of the 
axis of w, so that w=f(a,t), v=0, w=0. Let p, be the pressure, and p, the density of 
the fluid when it is in equilibrium, and put p=p,+p’. Then we have from equations (11) 
and (12), omitting the square of the disturbance, 
1dp du du dp 4 @u 
— =0. Sn eh SS SS dg cov on Ot 
PLATES OEE a 
Let AAp be the increment of pressure due to a very small increment Ap of density, the 
temperature being unaltered, and let m be the ratio of the specific heat of the fluid when 
the pressure is constant to its specific heat when the volume is constant; then the relation 
between p’ and p will be 
Dp =A (pp) vreccccdess state steve teuese(20) 
Eliminating p’ and p from (19) and (20) we get 
d’u ui 4u du 


ae ™4 ae” 3p, dtde 
. ‘ , : ; ‘ 27 x . 27x 
To obtain a particular solution of this equation, let w= @ (t) cos ao + wW (é) sin es Sub- 


stituting in the above equation, we see that @(¢) and \(¢) must satisfy the same equation, 
namely, 


t. 4m l67 us, 
p (t) + =u m Ag (t) + 3X*p p (t) = 0, 
the integral of which is 
Qrbt , . 27bt 
¢ (4) = e* (Coos BEET Osi ) 5 
87 is 167° ; ; : F 
where ¢ = arto” b=mA — Orne?” C and C’ being arbitrary constants. Taking the same 
. P, P, 


expression with different arbitrary constants for \/(¢), replacing products of sines and cosines 
by sums and differences, and combining the resulting sines and cosines two and two, we see 
that the resulting value of w represents two series of waves propagated in opposite directions. 
Considering only those waves which are propagated in the positive direction of 2, we have 


2 
U= Cyem1.cos {= (bt = a) + (Of ees 


We see then that the effect of the tangential force is to make the intensity of the sound 
diminish as the time increases, and to render the velocity of propagation less than what it 
would otherwise be. Both effects are greater for high, than for low notes; but the former 
depends on the first power of », while the latter depends only on ». It appears from the 
experiments of M. Biot, made on empty water pipes in Paris, that the velocity of propagation 
of sound is sensibly the same whatever be its pitch. Hence it is necessary to suppose that for air 


= is insensible compared with A or P, . I am not aware of any similar experiments made 


rp; p, 

. ee \e : 9 

on water, but the ratio of (4) to A would probably be insensible for water also. The 
P, 

diminution of intensity as the time increases is, in the case of plane waves, due entirely to 

friction ; but as we do not possess any means of measuring the intensity of sound the theory 

cannot be tested, nor the numerical value of » determined, in this way. 
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‘The velocity of sound in air, deduced from the note given by a known tube, is sensibly 
less than that determined by direct observation. Poisson thought that this might be due. to the 
retardation of the air by friction against the sides of the tube. But from the above investigation 
it seems unlikely that the effect produced by that cause would be sensible. 

The equation (21) may be considered as expressing in all cases the effect of friction: for 
we may represent an arbitrary disturbance of the medium as the aggregate of series of plane 
waves propagated in all directions. 


8. Let us now consider the motion of a mass of uniform inelastic fluid comprised 
between two cylinders having a common axis, the cylinders revolving uniformly about their 
axis, and the fluid being supposed to have attained its permanent state of motion. Let the 
axis of the cylinders be taken for that of x, and let q be the actual velocity of any particle, 
so that w= —qsin@, v =qcos @, w =0, r and @ being polar co-ordinates in a plane parallel to xy. 


Gf Gf @f .df idf 


ae + iy Sat See + de where f is any function of a and y, and 


Observing that 


d , ; : 
that a = 0, we have from equations (13), supposing after differentiation that the axis of « 


coincides with the radius vector of the point considered, and omitting the forces, and the part 
of the pressure due to them, 


and the equation of continuity is satisfied identically. 


: Cs 
The integral of (22) is q=—+C'r. 
- 


If a is the radius of the inner, and 6 that of the outer cylinder, and if g,, g, are the 
velocities of points close to these cylinders respectively, we must have g=q, when r= a, and 
gq = 4 when r = 6, whence 


q= 


b ab b | Be, 
{On = a0) 2+ Oa -an)r| deca tates <a h «e's (23) 


If the fluid is infinitely extended, b = =, and 


q a 
Pike ys 
These cases of motion were considered by Newton, (Principia, Lib. 11. Prop. 51.) The 
hypothesis which I have made agrees in this case with his, but he arrives at the result that 
the velocity is constant, not, that it varies inversely as the distance. This arises from his having 
taken, as the condition of there being no acceleration or retardation of the motion of an annulus, 
that the force tending to turn it in one direction must be equal to that tending to turn it in 
the opposite, whereas the true condition is that the moment of the force tending to turn it 
one way must be equal to the moment of the force tending to turn it the other. Of course, 
making this alteration, it is easy to arrive at the above result by Newton’s reasoning. The 
error just mentioned vitiates the result of Prop. 52. It may be shown from the general equations 
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that in this case a permanent motion in annuli is impossible, and that, whatever may be the 
law of friction between the solid sphere and the fluid. Hence it appears that it is necessary to 
suppose that the particles move in planes passing through the axis of rotation, while they at 
the same time move round it. In fact, it is easy to see that from the excess of centrifugal 
force in the neighbourhood of the equator of the revolving sphere the particles in that part 
will recede from the sphere, and approach it again in the neighbourhood of the poles, and this 
circulating motion will be combined with a motion about the axis. If however we leave the 
centrifugal force out of consideration, as Newton has done, the motion in annuli becomes 
possible, but the solution is different from Newton’s, as might have been expected. 

The case of motion considered in this article may perhaps admit of being compared with 
experiment, without knowing the conditions which must be satisfied at the surface of a solid. 
A hollow, and a solid cylinder might be so mounted as to admit of being turned with different 
uniform angular velocities round their common axis, which is supposed to be vertical. If both 
cylinders are turned, they ought to be turned in opposite directions, if only one, it ought to 
be the outer one; for if the inner were made to revolve too fast, the fluid near it would have 
a tendency to fly outwards in consequence of the centrifugal force, and eddies would be produced. 
As long as the angular velocities are not great, so that the surface of the liquid is very nearly 
plane, it is not of much importance that the fluid is there terminated; for the conditions which 
must be satisfied at a free surface are satisfied for any section of the fluid made by a horizontal 
plane, so long as the motion about that section is supposed to be the same as it would be 
if the cylinders were infinite. The principal difficulty would probably be to measure accurately 
the time of revolution, and distance from the axis, of the different annuli. This would probably 
be best done by observing motes in the fluid. It might be possible also to discover in this 
way the conditions to be satisfied at the surface of the cylinders; or at least a law might be 
suggested, which could be afterwards compared more accurately with experiment by means of 
the discharge of pipes and canals. 

If the rotations of the cylinders are in opposite directions, there will be a certain distance from 
the axis at which the fluid will not revolve at all. Writing —q, for q, in equation (23), we have 


b (bq, 5 
for this distance mye (4g: + 242) : 
bq. + aq, 


9. Although the discharge of a liquid through a long straight pipe or canal, under given 
circumstances, cannot be calculated without knowing the conditions to be satisfied at the surface of 
contact of the fluid and solid, it may be well to go a certain way towards the solution. 

Let the axis of x be parallel to the generating lines of the pipe or canal, and inclined at 
an angle a to the horizon; let the plane yz be vertical, and let y and x be measured downwards. 
The motion being uniform, we shall have ~=0, v=0, w =f(a,y), and we have from equations (13) 


d; d d : d° d* 
=o dy 7 EPO ce = ep sinatn( z ae 


d 
In the case of a canal = = 0; and the calculation of the motion in a pipe may always be reduced 
z 


tale 4: ‘ dp. 
to that of the motion in the same pipe when ~ is supposed to be zero, as may be shown by 
z 
reasoning similar to Dubuat’s. Moreover the motion in a canal is a particular case of the motion 


d 
in a pipe. For consider a pipe for which = = 0, and which is divided symmetrically by the 


eae | 90 w 
plane vx. From the symmetry of the motion, it is clear that we must have —— = 0 when x =0; 
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but this is precisely the condition which would have to be satisfied if the fluid had a free surface 
coinciding with the plane wx; hence we may suppose the upper half of the fluid removed, without 
affecting the motion of the rest, and thus we pass to the case of a canal, Hence it is the same 
thing to determine the motion in a canal, as to determine that in the pipe formed by completing the 
canal symmetrically with respect to the surface of the fluid. 


We have then, to determine the motion, the equation 
Pw dw gpsina 
dx dy’ pe ‘a 


In the case of a rectangular pipe, it would not be difficult to express the value of w at any point 
in terms of its values at the several points of the perimeter of a section of the pipe. In the case 
of a cylindrical pipe the solution is extremely easy: for if we take the axis of the pipe for that of 


; dw 
x, and take polar co-ordinates r, @ in a plane parallel to wy, and observe that do 0, since the 
motion is supposed to be symmetrical with respect to the axis, the above equation becomes 


dw i1dw_= gpsina 
, += —— a= 
ar © rar im 
Let a be the radius of the pipe, and U the velocity of the fluid close to the surface; then, 


integrating the above equation, and determining the abitrary constants by the conditions that w 
shall be finite when 7 = 0, and. w.= U7 when.r = a, we have 


w = SPD ar?) + U. 
Au 


SECTION I: 


Objections to Lagrange’s proof of the theorem that if wdx+vdy +wdz is an exact 
differential at any one instant it is always so, the pressure being supposed equal 
in all directions. Principles of M. Cauchy's proof. A new proof of the theorem. 
A physical interpretation of the circumstance of the above expression being an 
exact differential. 


10. Tue proof of this theorem given by Lagrange depends on the legitimacy of supposing 
x, v and w capable of expansion according to positive integral powers of ¢, for a sufficiently 
small finite value of ¢. It is clear that the expansion cannot contain negative powers of ¢, since 
u, v and w are supposed to be finite when ¢=0; but it may be objected to Lagrange’s proof 
that there are functions of ¢ of which the expansion contains fractional powers of ¢, and that we do 
not know but that w, v and w may be such functions. This objection has been considered by 
Mr. Power*, who has shown that the theorem is true if we suppose uw, v and w capable of 
expansion according to any powers of ¢. Still the proof remains unsatisfactory, in fact inconclusive, 

1 


for these are functions of ¢, (for instance e~*, ¢ log #,) which do not admit of expansion according 
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to powers of ¢, integral or fractional, and we do not know but that w, v and w may be functions of 
this nature. I do not here mention the proof which Poisson has given of the theorem in his 
Traité de Méchanique, because it appears to me liable to an objection to which I shall presently 
have occasion to refer: in fact, Poisson himself did not think the theorem generally true. 

It is remarkable that Mr. Power’s proof, if it were legitimate, would establish the theorem 
even when account is taken of the variation of pressure in different directions, according to the 


: : , : d : 
theory explained in Section 1, if we suppose that = =0. ‘To show this we have only got to treat 


equations (12) as Mr. Power has treated the three equations of fluid motion formed on the ordinary 
hypothesis. Yet in this case the theorem is evidently untrue. Thus, conceive a mass of fluid which 
is bounded by a solid plane coinciding with the plane yx, and which extends infinitely in every 
direction on the positive side of the axis of a, and suppose the fluid at first to be at rest. Suppose 
now the solid plane to be moved in any manner parallel to the axis of y; then, unless the solid 
plane exerts no tangential force on the fluid, (and we may suppose that it does exert some,) it 
is clear that at a given time we shall have wu = 0, v =f (a), w =0, and therefore uda + vdy + wdz 
will not be an exact differential. It will be interesting then to examine in this case the nature 
of the function of ¢ which expresses the value of v. 

Supposing X, Y, Z to be zero in equations (12), and observing that in the case considered 


d 
we have a = 0, we get 


dv pv 


dtp at eet eee eee ceccee cee cee (24) 


Differentiating this equation  — 1 times with respect to ¢, we easily get 


d’v PY Ee 
ae aN) ee 


but when £=0, v=0 when w>0, and therefore for a given value of a all the differential 
coefficients of » with respect to ¢ are zero. Hence for indefinitely small values of ¢ the value of 
v at a given point increases more slowly than if it varied ultimately as any power of t, however 
great; hence v cannot be expanded in a series according to powers of ¢. This result’ is independent 
of the condition to be satisfied at the surface of the solid plane. 

I think what has just been proved shows clearly that Lagrange’s proof of the theorem 
considered, even with Mr. Power’s improvement of it, is inadmissible. 


11. The theorem is however true, and a proof of it has been given by M. Cauchy*, which 
appears to me perfectly free from objection, and which is very simple in principle, although it 
depends on rather long equations. M. Cauchy first eliminates p from the three equations of 


motion by means of the conditions that ae = EP. &c., he then changes the independent 
dxdy dyda 

variables from «x, y, z, ¢ to a, 6, c, t, where a, b, ¢ are the initial co-ordinates of the particles. 

The three transformed equations admit each of being once integrated with respect to ¢; and 

determining the arbitrary functions of a, 6, ¢ by the initial values of u, v and w, the three 

integrals have the form 


o = Fo + Gow’ + How”, &e., 


* Mémoire sur la Théorie des Ondes, in the first volume of | equations (16). This equation may be obtained in the same 
the Mémoires présentés a [' Institut. M. Cauchy has not had | manner in the more general case in which p is supposed to be « 
occasion to enunciate the theorem, but it is contained in his | function of p. 
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w, w and w” denoting here the same as in Art. 2, and w, &c. denoting the initial values of 
w’, &c. for the same particle. Solving the above equations with respect to w’, w’ and w’”, the 


resulting cquations are 


; (5 ae aa dx 


w® = >|— wo + —w," +—o,” c. 
Sides de? des ); fe 
where .S' is a function of the differential coefficients of 7, y and x with respect to a, b and ec, 


which by the condition of continuity is shown to be equal to Pos p, being the initial density about 
0 


: , 5 5 : : da 4 
the particle whose density at the time considered is p. Since a &e. are finite, (for to suppose 
a 


them infinite would be equivalent to supposing a discontinuity to exist in the fluid,) it follows at 
once from the preceding equations that if w, = 0, w= 0, w,” = 0, that is if uda + v,db + w,de 
be an exact differential, either for the whole fluid or for any portion of it, then shall w’ = 0, 
w” =0, w” =0, ie. uda + vdy + wdx will be an exact differential, at any subsequent time, 
either for the whole mass or for the above portion of it. 


12. It is not from seeing the smallest flaw in M. Cauchy’s proof that I propose a new one, 
but because it is well to view the subject in different lights, and because the proof which I am 
about to give does not require such long equations. It will be necessary in the first place to prove 


the following lemma. 


Lemna. If @), w....w, are m functions of ¢, which satisfy the differential equations 


PT = Pw, + Qy@as.. ar Vy wns 

eee ee tA Sete Oe baal fa toch (25) 
dw, 
a Pw, + Qiw,... + Vi w,s 


where P,, Q,.-.V, may be functions of ¢, w,...w,, and if when w, = 0, w, = 0...w, =0, none of the 
quantities P,, ...V,, is infinite for any value of ¢ from 0 to 7, and if w,...w, are each zero when 
+ = 0, then shall each of these quantities remain zero for all values of ¢ from 0 to T. 


Demonstration. Let 7 be a finite value of ¢, then by hypothesis + may be taken so small 
that the values of w,...«, are sufficiently small to exclude all values which might render any one of 
the quantities P,...V, infinite. Let ZL be a superior limit to the numerical values of the 


several quantities P,...V, for all values of ¢ from 0 to 7; then it is evident that w,...w, cannot 
increase faster than if they satisfied the equations 


dw 
ap = Elon + ee OP) 
Se ae secassaces"” Seveactee ste deacon 20) 
dw, 
FF = Elwrt e+e), | 


vanishing in this case also when ¢=0. But if w, + @... + w, = Q, we have by adding together 
the above equations 

dQ 

—_=nIQ: 

dt 


if now @ be not equal to zero, dividing this equation by (2 and integrating, we have 


Ol Cena. 
RR2 
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but no value of C different from zero. will allow Q to vanish when ¢=0, whereas by hypothesis 
it does vanish; hence Q=0; but @ is the sum of m quantities which evidently cannot be 
negative, and therefore each of these must be zero. Since then w,...w, would have to be equal 
to zero for all values of ¢ from 0 to 7 even if they satisfied equations (26), they must 4@ fortiori 
be equal to zero in the actual case, since they satisfy equations (25). Hence there is no value of 
t from 0 to Z at which any one of the quantities w,...@, can begin to differ from zero, and 
therefore these quantities must remain equal to zero for all values of ¢ from 0 to 7. 

This lemma might be extended to the case in which 2 = ¢, with certain restrictions as to 
the convergency of the series. We may also, instead of the integers 1, 2...”, have a continuous 
variable a which varies from 0 to a, so that w is a function of the independent variables a and f, 
satisfying the differential equation 


a 

= = [VG w, t)wda, 
where \(a, 0, ¢) does not become infinite for any value of a from 0 to @ combined with any 
value of ¢ from 0 to JT. It may be shown, just as before, that if w =0 when ¢ = 0 for all values 
of a from 0 to a, then must » = 0 for all values of ¢ from 0 to 7, The proposition might be 
further extended to the case in which a = © , with a certain restriction as to the convergency of the 
integral, but equations (25) are already more general than I shall have occasion to employ. 

It appears to me to be sometimes assumed as a principle that two variables, functions of 
another, ¢, are proved to be equal for all values of ¢ when it is shown that they are equal for a 
certain value of ¢, and that whenever they are equal for the same value of ¢ their increments for 
the same increment of ¢ are ultimately equal. But. according to this principle, if two curves 
could be shown always to touch when they meet they must always coincide, a conclusion 
manifestly false. I confess I cannot sce that Newton in his Principia, Lib. 1. Prop. 40 has 
proved more than that if the velocities of the two bodies are equal at equal distances, the 
increments of those velocities for equal increments of the distances are ultimately equal: at least 
something additional seems required to put the proof quite out of the reach of objection. Again 
it is usual to speak of the condition, that the motion of a particle of fluid in contact with the 
surface of a solid at rest is tangential to the surface, as the same thing as the condition that the 
particle shall always remain in contact with the surface. That it is the same thing might be 
shown by means of the lemma in this article, supposing the motion continuous; but independently 
of proof I do not see why a particle should not move in a curve not coinciding with the surface, 
but touching it where it meets it. The same remark will apply to the condition that a particle 
which at one instant lies in a free surface, or is in contact with a solid, shall ultimately lie in the 
free surface, or be in contact with the solid, at the consecutive instant. I refer here to the more 
general case in which the solid is at rest or in motion, For similar reasons Poisson’s proof of the 
Hydrodynamical theorem which forms the principal subject of this section has always appeared 
to me unsatisfactory, in fact far less satisfactory than Lagrange’s. I may add that Poisson’s 


proof, as well as Lagrange’s, would apply to the case in which friction is taken into account, in 
which case the theorem is not true. 


13. Supposing p to be a function of p, = y? the ordinary equations of Hydrodynamics 
J \p 
df(p) Du df (p) Dov df (p) Dw 
aa Es DCs — , = Sy Sa - = <= ie oleie\e\nsieiaie ee seeees 7 
ae dw Dt dy ES De? ase ee DE Co 


The forces X, Y, Z will here be supposed to be such that Xdv+YVdy+ Zdz is an exact 
differential, this being the case for any forces emanating from centres, and varying as any functions 
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of the distances. Differentiating the first of equations (27) with respect to y, and the second 
: : ‘ Du Dv ; 
with respect to @, subtracting, putting for a and —— their values, adding and subtracting 


Dt 
du dv ; ; 
ae ea and employing the notation of Art. 2, we obtain 
z dz 


Dig, (EU Tne dDe du dv) 
"e fe. 


Fo Vageea ares Jo PESSEREBRCEEAZ Bocas C15) 


By treating the first and third, and then the second and third of equations (27) in the same 

manner, we should obtain two more equations, which may be got at once from that which has 

just been found by interchanging the requisite quantities. Now for points in the interior of 
5 5 é du ; 

the mass the differential coefficients —, &c. will not be infinite, on account of the continuity 


Da 
x 


of the motion, and therefore the three equations just obtained are a particular case of equations (25). 
If then wdw + vdy+wdzx is an exact differential for any portion of the fluid when ¢= 0, 
that is, if w, w” and w” are each zero when ¢ =0, it follows from the lemma of the last 
article that w, w” and w” will be zero for any value of ¢, and therefore udwv + vdy + wdz 
will always remain an exact differential. It will be observed that it is for the same portion 
of fluid, not for the fluid occupying the same portion of space, that this is true, since equations 


: J : : Dw d 
(28), &ec. contain the differential coefficients Di &e., and not = &e. 


14, The circumstance of udx + vdy + wdz being an exact differential admits of a physical 
interpretation which may be noticed, as it is well to view a subject of this nature in different 
lights. 

Conceive an indefinitely small element of a fluid in motion to become suddenly solidified, 
and the fluid about it to be suddenly destroyed; let the form of the element be so taken 
that the resulting solid shall be that which is the simplest with respect to rotatory motion, 
namely, that which has its three principal moments about axes passing through the centre 
of gravity equal to each other, and therefore every axis passing through that point a principal 
axis, and let us enquire what will be the linear and angular motion of this element just 
after solidification. 

By the instantaneous solidification, velocities will be suddenly generated or destroyed in the 
different portions of the element, and a set of mutual impulsive forces will be called into 
action. Let av, y, x be the co-ordinates of the centre of gravity G of the element at the 
instant of solidification, «+ a’,y+y’, x + x those of any other point in it. Let w, v, w be 
the velocities of G along the three axes just before solidification, u’, v', w’ the relative velocities 
of the point whose relative co-ordinates are 2’, y’, x. Let u, 0, w be the velocities of G, wu, v. w, 
the relative velocities of the point above mentioned, and w’, w’, w the angular velocities just 
after solidification. Since all the impulsive forces are internal, we have 


“w= U, =, M=W. 
We have also, by the principle of the conservation of areas, 
=m py (w, — w') — x’ (v, — v’)} =0, &e., 


m denoting an element of the mass of the element considered. But u,=w' 2’ —w'’y’, w is 


Rr hae 


‘ du ‘oe 
ultimately equal to TF Gl cl tee and similar expressions hold good for the other 
) Fi 


dy x 
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quantities. Substituting in the above equations, and observing that Smy x = 2m'z' a’ 
= =ma'y =0, and 2mz? = Imy? = Zmz?, we have 
; dw dv 
i =4(5- - ge) &e. 
dy dz 


We see then that an indefinitely small element of the fluid, of which the three principal moments 
about the centre of gravity are equal, if suddenly solidified and detached from the rest of 
the fluid will begin to move with a motion simply of translation, which may however vanish, 
or a motion of translation combined with one of rotation, according as uda& + vdy + wdz is, 
or is not an exact differential, and in the latter case the angular velocities will be the same 
as in Art. 2. 

The principle which forms the subject of this section might be proved, at least in the case 
of a homogeneous incompressible fluid, by considering the change in the motion of a spherical 
element of the fluid in the indefinitely small time dt. This method of proving the principle 
would show distinctly its intimate connexion with the hypothesis of normal pressure, or the 
equivalent hypothesis of the equality of pressure in all directions, since the proof depends on 
the impossibility of an angular velocity being generated in the element in the indefinitely small 
time df by the pressure of the surrounding fluid, inasmuch as the direction of the pressure at 
any point of the surface ultimately passes through the centre of the sphere. The proof I 
speak of is however less simple than the one already given, and would lead me too far from 
my subject. 


SECTION III. 


Application of a method analogous to that of Sect. 1. to the determination of the equations 
of equilibrium and motion of elastic solids. 


15. Att solid bodies are more or less elastic, as is shown by the capability they possess 
of transmitting sound, and vibratory motions in general. The solids considered in this section 
are supposed to be homogeneous and uncrystallized, so that when in their natural state the 
average arrangement of their particles is the same at one point as at another, and the same 
in one direction as in another. The natural state will be taken to be that in which no forces 
act on them, from which it may be shown that the pressure in the interior is zero at all 
points and in all directions, neglecting the small pressure depending on attractions of the 
nature of capillary attraction. 

Let «a, y, z be the co-ordinates of any point P in the solid considered when in its natural 
state, a, 3, y~ the increments of those co-ordinates at the time considered, whether the body 
be in a state of constrained equilibrium or of motion. It will be supposed that a, 3 and ¥ 
are so small that their squares and products may be neglected. All the theorems proved in 
Art. 2, with reference to linear and angular velocities will be true here with reference to linear 
and angular displacements, since these two sets of quantities are resolved according to the same 
laws, as long as the angular displacements are supposed to be very small. Thus, the most 
general displacement of a very small element of the solid consists of a displacement of translation, 
an angular displacement, and three displacements of extension in the direction of three rectangular 
axes, which may be called in this case, with more propriety than in the former, axes of 
extension. ‘The thre displacements of extension may be resolved into two displacements of 
shifting, each in two dimensions, and a displacement of uniform dilatation, positive or negative. 
The pressures about the element considered will depend on the displacements of extension only; 
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there may also, in the case of motion, be a small part depending on the relative velocities, 
but this part may be neglected, unless we have occasion to consider the effect of the internal 
friction in causing the vibrations of solid bodies to subside. It has been shown (Art. 7.) that 
the effect of this cause is insensible in the case of sound propagated through air; and there 
is no reason to suppose it greater in the case of solids than in the case of fluids, but rather 
the contrary. ‘The capability which solids possess of being put into a state of isochronous 
vibration shows that the pressures called into action by small displacements depend on homo- 
geneous functions of those displacements of one dimension. I shall suppose moreover, according 
to the general principle of the superposition of small quantities, that the pressures due to 
different displacements are superimposed, and consequently that the pressures are linear functions 
of the displacements. Since squares of a, 3 and vy are neglected, these pressures may be referred 
to a unit of surface in the natural state or after displacement indifferently, and a pressure which 
is normal to any surface after displacement may be regarded as normal to the original position 
of that surface. Let — 4d be the pressure corresponding to a uniform linear dilatation 6 when 
the solid is in equilibrium, and suppose that it becomes — mA0, in consequence of the heat 
developed, when the solid is in a state of rapid vibration. Suppose also that a displacement 
of shifting parallel to the plane wy, for which a=ka, B= —ky, y=0, calls into action a 
pressure — Bk on a plane perpendicular to the axis of a, and a pressure Bk on a plane 
perpendicular to that of y; the pressures on these planes being equal and of opposite signs, 
that on a plane perpendicular to the axis of x being zero, and the tangential forces on those 
planes being zero, for the same reasons as in Sect. 1. It may also be shown as before that 
it is necessary to suppose B positive, in order that the equilibrium of the solid medium may 
be stable, and it is easy to see that the same must be the case with A for the same reason. ’ 

It is clear that we shall obtain the expressions for the pressures from those already found 
for the case of a fluid by merely putting a, B, y, B for u,v, w, un and — Ad or —mAO for D, 
according as we are considering the case of equilibrium or of vibratory motion, the body being in 
the latter case supposed to be constrained only in so far as depends on the motion. 

For the case of equilibrium then we have from equations (8) 


da d dy 
P= - Ad-—2B (=< = 8), T,=-B (56 + ak RCLSe. ceseeeee -sae'(29) 
‘d d d ee : : 
6 being here = 4 = + + ae) ; and the equations of equilibrium will be obtained from (12) by 
_ putting Du. 0, p= —-Ad, making the same substitution as before for u,v, w and u. We have 


Dt 
therefore, for the equations of equilibrium, 
d jda dB d+) Pa da da 
X+1(4+ B)— |— + — + al B (i+ — + — 
aa as ee dy dz dx dy dx 
In the case of a vibratory motion, when the body is in its natural state except so far as depends 
on the motion, we have from equations (8) 


d \ d d+ 
P.=-—mAd—-2B (5-- 8); n-- 8 (FL +2), 8, SercdGnsnwacaities (31) 


) ='0,'&C. #4... . (80) 


: ‘ D 
and the equations of motion will be derived from (12) as before, only > &c. must be replaced by 


d° : : 
= &c., and X, Y, Z put equal to zero. The equations of motion, then, are 
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16. The conditions to be satisfied at the surface of the solid may be easily deduced from 
the analogous conditions in the case of a fluid with a free surface, only it will be necessary 
to replace the normal pressure [I by an oblique pressure, of which the components will be 
denoted by X\, Yi, Z;. We have then, making the necessary changes in the quantities involved 
in (14), 
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(ee d[3 nee ie at) 


dy da ds dz 


for the case of equilibrium, and for the case of motion such as that just considered it will only be 
necessary to replace A by mA in these equations. If we measure the angles of which /, m, n are 
the cosines from the external normal, the forces X,, Y,, Z, must be reckoned positive when /, m and 
n being positive, the surface of the solid is urged in the negative directions of x, y, x, and in other 
cases the signs must be taken conformably. 

If the solid considered is in a state of constraint when at rest, and is moreover put into a state 
of vibration, the pressures and displacements due to these two causes must be calculated separately 


and added together. If m were equal to 1, they could be calculated together from the same 
equations. 


SECTION IV. 


Principles of Poisson's theory of elastic solids, and of the oblique pressures existing in 
fluids in motion. Objections to one of his hypotheses, Reflections on the constitution, 
and equations of motion of the luminiferous ether in vacuum. 


17. In the twentieth Cahier of the Journal de Ecole Polytechnique may be found a memoir 
by Poisson, entitled Mémoire sur les Equations générales de  Equilibre et du Mouvement des 
Corps solides élastiques et des Fluides, which contains the substance of two memoirs presented 
by him to the Academy, brought together with some additions. In this memoir the author 
treats principally of the equations of equilibrium and motion of elastic solids, of the equations 
of equilibrium of fluids, with reference especially to capillary attraction, and of the equations 
of motion of fluids supposing the pressure not to be equal in all directions. 

It is supposed by Poisson that all bodies, whether solid or Huid, are composed of ultimate 
molecules, separated from each other by vacant spaces. In the cases of an uncrystallized solid 
in its natural state, and of a fluid in equilibrium, he supposes that the molecules are arranged 
irregularly, and that the average arrangement is the same in all directions. These molecules 
he supposes to act on each other with forces, of which the main part is a force in the direction of the 
line joining the centres of gravity, and varying as some function of the distance of these points, 
and the remainder a secondary force, or it may be two secondary forces, depending on the 
molecules not being mathematical points, He supposes that it is on these secondary forces that the 
solidity of solid bodies depends. He supposes however that in calculating the pressures these 
secondary forces may be neglected, partly because they become insensible at much smaller distances 
than the main part of the forces, and partly because they act, on the average, alike in all 
directions. He supposes that the molecular force decreases very rapidly as the distance increases, 
yet not so rapidly but that the sphere in which the molecular action is sensible contains an immense 
number of molecules. He supposes consequently that in estimating the resultant force of a 
hemisphere of the medium on a molecule in the centre of its base the action of the neighbouring 
molecules, which are situated irregularly, may be neglected compared with the action of those 
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more remote, of which the average may be taken. The consequence of this supposition of course is 
that the total action is normal to the base of the hemisphere, and sensibly the same for one 
molecule as for an adjacent one. 

The rest of the reasoning by which Poisson establishes the equations of motion and equilibrium 
of elastic solids is purely mathematical, sufficient data having been already assumed. It might 
appear that the reasoning in Art. 16 of his memoir, by which the expression for N is simplified, 
required the fresh hypothesis of a symmetrical arrangement of the molecules; but it really does not, 
being admissible according to the principle of averages. Taking for the natural state of the body 
that in which the pressure is zero, the equations at which Poisson arrives contain only one 
unknown constant k, whereas the equations of Sect. 111. of this paper contain two, A or mA and B. 
This difference depends on the assumption made by Poisson that the irregular part of the force 
exerted by a hemisphere of the medium on a molecule in the centre of its base may be neglected in 
comparison with the whole force. As a result of this hypothesis, Poisson finds that the change 
in direction, and the proportionate change in length, of a line joining two molecules are continuous 
functions of the co-ordinates of one of the molecules and the angles which determine the direction of 
the line; whereas in Sect. 111., if we adopt the hypothesis of ultimate molecules at all, it is 
allowable to suppose that these quantities vary irregularly in passing from one pair of molecules to 
an adjacent pair. Of course the equations of Sect. 111. ought to reduce themselves to Poisson’s 
equations for a particular relation between 4 and B. Neglecting the heat developed by compression, 
as Poisson has done, and therefore putting m = 1, this relation is 4 = 5B. 


18. Poisson’s theory of fluid motion is as follows. The time ¢ is supposed to be divided 
into a number » of equal parts, each equal to +. In the first of these the fluid is supposed to 
be displaced as an elastic solid would be, according to Poisson’s previous theory, and therefore 
the pressures are given by the same equations. If the causes producing the displacement were 
now to cease, the fluid would re-arrange itself, so that the average arrangement about each point 
should be the same in all directions after a very short time. During this time, the pressures 
would have altered, in an unknown manner, from those corresponding to a displaced solid to a 


Dp ' weersrs , 
normal pressure equal to p+ ——vr, the pressures during the alteration involving an unknown 


Dt 

function of the time elapsed since the end of the interval +. Another displacement and another 
re-arrangement may now be supposed to take place, and so on. But since these very small 
relative motions will take place independently of each other, we may suppose each displacement to 
begin at the expiration of the time during which the preceding one is supposed to remain, and we 
_ May suppose each re-arrangement to be going on during the succeeding displacements. Supposing 
now 7 to become infinite, we pass to the case in which the fluid is supposed to be continually 
beginning to be displaced as a solid would, and continually re-arranging itself so as to make the 
average arrangement about each point the same in all directions. 

Poisson’s equations (9), page 152, which are applicable to the motion of a liquid, or of an 
elastic fluid in which the change of density is small, agree with equations (12) of this paper. For 
the quantity y¢ is the pressure p which would exist at any instant if the motion were then to 


. dwt Dp : Padi : : 
cease, and the increment, Tus or Dr” of this quantity in the very small time + will depend 
‘ d D : dt 
only on the increment, Xe or a of the density y¢ or p. Consequently the value of ¥ T 


; : F : dyt 
will be the same as if the density of the particle considered passed from y¢ to yt + = 7+ in the 
time + by a uniform motion of dilatation. I suppose that according to Poisson’s views such a 
motion would not require a re-arrangement of the molecules, since the pressure remains equal 
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dt ; AO: 
in all directions. On this supposition we shall get the value of =. from that of RO — Km 


di d d 1 dyt 
the equations of page 140 by putting = = = — =— 3x = We have therefore 
dwt a dyt 
—— =— (K — 5k) —*_. 
is dt 3 | ) xtdt 
ae 1 dxt. : : 
Putting now for 8+ 8 its value 2ak, and for arr its value given by equation (2), 
xt : 


the expression for @, page 152, becomes 
a , 
ing Daa (K + k) 


Observing that a(K +k) = 6, this value of @ reduces Poisson’s equations (9) to the 
equations (12) of this paper. 

Poisson himself has not made this reduction of his equations, nor any equivalent one, so that 
his equations, as he has left them, involve two arbitrary constants. The reduction of these two 
to one depends on the assumption that a uniform expansion of any particle does not require a 
re-arrangement of the molecules, as it leaves the pressure still equal in all directions. If we do 
not make this assumption, but retain the two arbitrary constants, the equations will be the same 
as those which would be obtained by the method of this paper, supposing the quantity « of 
Art. 3 not to be zero. 


19. There is one hypothesis made in the common theory of elastic solids, the truth of 
which appears to me very questionable. That hypothesis is the one to which I have already 
alluded in Art. 17, respecting the legitimacy of neglecting the irregular part of the action of the 
molecules in the immediate neighbourhood of the one considered, in comparison with the total 
action of those more remote, which is regular. It is from this hypothesis that it follows as a 
result that the molecules are not displaced among one another in an irregular manner, in 
consequence of the directive action of neighbouring molecules. Now it is obvious that the 
molecules of a fluid admit of being displaced among one another with great readiness. The 
molecules of solids, or of most solids at any rate, must admit of new arrangements, for most solids 
admit of being bent, permanently, without being broken. Are we then to suppose that when a 
solid is constrained it has no tendency to relieve itself from the state of constraint, in consequence 
of its molecules tending towards new relative positions, provided the amount of constraint be very 
small? It appears to me to be much more natural to suppose a@ priori that there should be some 
such tendency. 

In the case of a uniform dilatation or contraction of a particle, a re-arrangement of its 
molecules would be of little or no avail towards relieving it from constraint, and therefore it is 
natural to suppose that in this case there is little or no tendency towards such a re-arrangement. 
It is quite otherwise, however, in the case of what I have called a displacement of shifting. 
Consequently B will be less than if there were no tendency to a re-arrangement. On the 
hypothesis mentioned in this article, of which the absence of such tendency is a consequence, 
I have said that a relation has been found between 4A and B, namely 4=58B. It is natural 
then to expect to find the ratio of 4 to B greater than 5, approaching more nearly to 5 as the 
solid considered is more hard and brittle, but differing materially from 5 for the softer solids, 
especially such as Indian rubber, or, to take an extreme case, jelly. According to this view the 
relation 4 = 5B belongs only to an ideal elastic solid, of which the solidity, or whatever we please _ 
to call the property considered, is absolutely perfect. 
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To show how implicitly the common theory of elasticity seems to be received by some, I may 
mention that MM. Lamé and Clapeyron mention Indian rubber among the substances to which 
it would seem they consider their theory applicable*. I do not know whether the coefficient of 
elasticity, according to that theory, has been determined experimentally for Indian rubber, but 
one would fancy that the cubical compressibility thence deduced, by a method which will be 
seen in the next article, would turn out comparable with that of a gas. 


20. I am not going to enter into the solution of equations (30), but I wish to make a 
few remarks on the results in some simple cases. 
If k& be the cubical contraction due to a uniform pressure P, then will 
3P 
Arn 


ke 


If a wire or rod, of which the boundary is any cylindrical surface, be pulled in the 
direction of its length by a force of which the value, referred to a unit of surface of a 
section of the rod, in P, the rod will extend itself uniformly in the direction of its length, 
and contract uniformly in the perpendicular direction; and if e be the extension in the 
direction of the length, and ¢ the contraction in any perpendicular direction, both referred to 
a unit of length, we shall have 


A+B A-—-2B 
ENTE poe 1 ieee 


iP 
also, the cubical dilatation = e-2e = rh 


If a cylindrical wire of radius r be twisted by a couple of which the moment is M, and 
if @ be the angle of torsion for a length x of the wire, we shall have 
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The expressions for %, c, e and @, and of course all expressions of the same nature, depend 
on the reciprocals of A and B. Suppose now the value of e, or @, or any similar quantity 
not depending on 4 alone, be given as the result of observation. It will easily be conceived 
that we might find very nearly the same value for B whether we supposed 4=5B or 4=nB, 
where n may be considerably greater than 5, or even infinite. Consequently the observation of two 
such quantities, giving very nearly the same value of B, might be regarded as confirming the 
common equations. 

If we denote by E the coefficient of elasticity when A is supposed to be equal to 5B 
we have, neglecting the atmospheric pressure +, 


2P 2Mx 
Be  gErt* 


If now we denote by £, the value of E deduced from observation of the value of e, and by 
E, the value of E obtained by observing the value of @, or else, which comes to the same, 
by observing the time of oscillation of a known body oscillating by torsion, we shall have 


2 1 1 1 6 1 
= us hs _ PS ; =— = -——"- — —. 
5B, 3 (5 + =k E, = B, whence Fie 


* Mémoires présentés a [ Institut, Tom. 1v. p. 469. + Lamé, Cours de Physique, Tom. 1. 
Ss2 
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If A be greater than 5B, E, ought to be a little greater than E,. This appears to agree 
with observation. Thus the following numbers are given by M. Lamé* E, = 8000, EF, = 7500 for 
iron; E, = 2510, E, = 2250 for brass+. The difference between the values of E, and E, is 
attributed by M. Lamé to the errors to which the observation of the small quantity e is liable. 
If the above numbers may be trusted, we shall haye 


A = 60000, B= 7500, — =8 for iron; 


= 13°21 for brass. 


A 
B 
A 
A = 29724, B = 2250, B 


The cubical contraction & is almost too small to be made the subject of direct observationt, 
it is therefore usually deduced from the value of e, or from the coefficient of elasticity E 


3 ae é F k 
found in some other way. On the supposition of a single coefficient E, we haye - = 3, but 
e 


1 
retaining the two, 4 and B, we have le area (1 + =) = which will differ greatly 
e + 


from 3 it 2 be much greater than 5. The whole subject therefore requires, I think, a careful 
examination, before we can set down the values of the coefficients of cubical contraction of 
different substances in the list of well ascertained physical data. The result, which is generally 
admitted, that the ratio of the velocity of propagation of normal, to that of tangential vibrations 
in a solid is equal to \/3, is another which depends entirely on the supposition that 4 = 5B. 
The value of m, again, as deduced from observation, will depend upon the ratio of A to B; 
and it would be highly desirable to have an accurate list of the values of m for different 
substances, in hopes of thereby discovering in what manner the action of heat on those substances 
is related to the physical constants belonging to them, such as their densities, atomic weights, &c. 


The observations usually made on elastic solids are made on slender pieces, such as wires, 
rods, and thin plates. In such pieces, all the particles being at no great distance from the 
surface, it is easy to see that when any small portion is squeezed in one direction it has consider- 
able liberty of expanding itself in a direction perpendicular to this, and consequently the 
results must depend mainly on the value of B, being not very different from what they 
would be if A were infinite. This is not so much the case with thick, stout pieces. If 
therefore such pieces could be put into a state of isochronous vibration, so that the musical 
notes and nodal lines could be observed, they would probably be better adapted than slender 
pieces for determining the value of mA. The value of m might be determined by comparing 
the value of mA, deduced from the observation of vibrations, with the value of A, deduced 
from observations made in cases of equilibrium, or, perhaps, of very slow motion. 


21. The equations (32) are the same as those which have been obtained by different 
authors as the equations of motion of the luminiferous ether in vacuum. Assuming for the present 
that the equations of motion of this medium ought to be determined on the same principles as 
the equations of motion of an elastic solid, it will be necessary to consider whether the equations 
(32) are altered by introducing the consideration of a uniform pressure I] existing in the medium 


* Lamé, Cours de Physique, Tom. t. pressibility of solids which would be obtained from Poisson's 

+ These numbers refer to the French units of length and weight. theory is in some cases as much as 20 or 30 times too great. See 

+ I find however that direct experiments have been made by | the Report of the British Association for 1833, p. 353, or Archives 
Prof. Oersted. According to these experiments the cubical com- | des découvertes, &c. for 1834, p. 94. 
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when in equilibrium; for we have evidently no right to assume, either that no such pressure 
exists, or, supposing it to exist, that the medium would expand itself but very slightly if it 
were removed. It will now no longer be allowable to confound the pressure referred to a unit 
of surface as it was, in the position of equilibrium of the medium, with the pressure referred to a 
unit of surface as it actually is. The latter mode of referring the pressure is more natural, and 
will be more convenient. Let the pressure, referred to a unit of surface as it is, be resolved 
into a normal pressure [1 +p, and a tangential pressure ¢,. All the reasoning of Sect. 111. 
will apply to the small forces p, and ¢,; only it must be remembered that in estimating the 
whole oblique pressure a normal pressure I] must be compounded with the pressures given by 
equations (31). In forming the equations of motion, the pressure I] will not appear, because 
the resultant force due to it acting on the element of the medium which is considered is zero. 
The equations (32) will therefore be the equations of motion required. 

If we had chosen to refer the pressure to a unit of surface in the original state of the 
surface, and had resolved the whole pressure into a pressure [1+ p, normal to the original 
position of the surface, and a pressure ¢, tangential to that position, the reasoning of Sect. 111. 
would still have applied, and we should have obtained the same expressions as in (31) for the 
pressures P,, 7', &c., but the numerical value of A would have been different. According to 
this method, the pressure [IT would have appeared in the equations of motion. It is when the 
pressures are measured according to the method which I have adopted that it is true that 
the equilibrium of the medium would be unstable if either A or B were negative. I must 
here mention that from some oversight the right-hand sides of Poisson’s equations, at page 68 
of the memoir to which I have referred, are wrong. The first of these equations ought to 


J Cu au au Il du Oe: : 
contain — (—— + --— + ae) instead of — ——, and similar changes must be made in the 
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other two equations. 

It is sometimes brought as an objection to the equations of motion of the luminiferous 
ether, that they are the same as those employed for the motion of solid bodies, and that it 
seems unnatural to employ the same equations for substances which must be so differently 
constituted. It was, perhaps, in consequence of this objection that Poisson proposes, at 
page 147 of the memoir which I have cited, to apply to the calculation of the motion of the 
luminiferous ether the same principles, with a certain modification, as those which he employed 
in arriving at his equations (9) page 152, i.e. the equations (12) of this paper. That modi- 
fication consists in supposing that a certain function of the time @(¢) does not vary very 
_ rapidly compared with the variation of the pressure. Now the law of the transmission of a 
motion transversal to the direction of propagation depending on equations (12) of this paper 
is expressed, in the simplest case, by the equation (24); and we see that this law is the 
same as that of the transmission of heat, a law extremely different from that of the trans- 
mission of vibratory motions. It seems therefore unlikely that these principles are applicable 
to the calculation of the motion of light, unless the modification which I have mentioned be 
so great as wholly to alter the character of the motion, that is, unless we suppose the pressure 
to vary extremely fast compared with the function @(¢), whereas in ordinary cases of the 
motion of fluids the function @(¢) is supposed to vary extremely fast compared with the pressure. 

Another view of the subject may be taken which I think deserves notice. Before explaining 
this view however it will be necessary to define what I mean in this paragraph by the word 
elasticity. There are two distinct kinds of elasticity; one, that by which a body which is 
uniformly compressed tends to regain its original volume, the other, that by which a body which is 
constrained in a manner independent of compression tends to assume its original form. The 
constants 4 and B of Sect. 111. may be taken as measures of these two kinds of elasticity. In 
the present paragraph, the word will be used to denote the second kind. Now many highly 
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elastic substances, as iron, copper, &c., are yet to a very sensible degree plastic. The plasticity of 
lead is greater than that of iron or copper, and, as appears from experiment, its elasticity less. On 
the whole it is probable that the greater the plasticity of a substance the less its elasticity, and 
vice versa, although this rule is probably far from being without exception. When the plasticity 
of the substance is still further increased, and its elasticity diminished, it passes into a viscous 
fluid. There seems no line of demarcation between a solid and a viscous fluid. In fact, the 
practical distinction between these two classes of bodies seems to depend on the intensity of 
the extraneous force of gravity, compared with the intensity of the forces by which the parts 
of the substance are held together. Thus, what on the Earth is a soft solid might, if carried 
to the Sun, and retained at the same temperature, be a viscous fluid, the force of gravity at 
the surface of the Sun being sufficient to make the substance spread out and become level at 
the top: while what on the Earth is a viscous fluid might on the surface of Pallas be a soft solid. 
The gradation of viscous, into what are called perfect fluids seems to present as little abruptness as 
that of solids into viscous fluids; and some experiments which have been made on the sudden 
conversion of water and ether into vapour, when enclosed in strong vessels and exposed to high 
temperatures, go towards breaking down the distinction between liquids and gases, 

According to the law of continuity, then, we should expect the property of elasticity to run 
through the whole series, only, it may become insensible, or else may be masked by some other 
more conspicuous property. It must be remembered that the elasticity here spoken of is that 
which consists in the tangential force called into action by a displacement of continuous sliding: 
the displacements also which will be spoken of in this paragraph must be understood of such 
displacements as are independent of condensation or rarefaction. Now the distinguishing property 
of fluids is the extreme mobility of their parts. According to the views explained in this article, 
this mobility is merely an extremely great plasticity, so that a fluid admits of a finite, but 
exceedingly small amount of constraint before it will be relieved from its state of tension by its 
molecules assuming new positions of equilibrium. Consequently the same oblique pressures can be 
called into action in a fluid as in a solid, provided the amount of relative displacement of the 
parts be exceedingly small. All we know for certain is that the effect of elasticity in fluids, 
(elasticity of the second kind be it remembered,) is quite insensible in cases of equilibrium, and 
it is probably insensible in all ordinary cases of fluid motion. Should it be otherwise, equations (8) 
and (12) will not be true, or only approximately true. But a little consideration will show that 
the property of elasticity may be quite insensible in ordinary cases of fluid motion, and may yet 
be that on which the phenomena of light entirely depend. When we find a vibrating string, 
the small extent of vibration of which can be actually seen, filling a whole room with sound, 
and remember how rapidly the intensity of the vibrations of the air must diminish as the distance 
from the string increases, we may easily conceive how small in general must be the amount 
of the relative motion of adjacent particles of air in the case of sound. Now the extent of 
the vibration of the ether, in the case of light, may be as small compared with the length of a 
wave of light as that of the air is compared with the length of a wave of sound: we have no 
reason to suppose it otherwise. When we remember then that the length of a wave of sound in air 
varies from some inches to several feet, while the greatest length of a wave of light is about .00003 
of an inch, it is easy to imagine that the relative displacement of the particles of ether may be so 
small as not to reach, nor even come near to the greatest relative displacement which could exist 
without the molecules of the medium assuming new positions of equilibrium, or, to keep clear of the 
idea of molecules, without the medium assuming a new arrangement which might be permanent. 

It has been supposed by some that air, like the luminiferous ether, ought to admit of 
transversal vibrations. According to the views of this article such would, mathematically speaking, 
be the case; but the extent of such vibrations would be necessarily so very small as to render 
them utterly insensible, unless we had organs with a delicacy equal to that of the retina adapted 
to receive them. 
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It has been shown to be highly probable that the ratio of A to B increases rapidly according as 
the medium considered is softer and more plastic. For fluids therefore, and among them for 
the luminiferous ether, we should expect the ratio of 4 to B to be extremely great. Now if N be 
the velocity of propagation of normal vibrations in the medium considered in Sect. 111., and 7 that 
of transversal vibrations, it may be shown from equations (32) that 
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This is very easily shown in the simplest case of plane waves: for if B=7=0, a=f (a), the equations 
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(32) give p = = 4 (mA + 4B) - ; whence a= p (Nt-2)+wy (Nt+ a); and if a=vy=9, 
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ae Jai? Whence B= ¢ ( —«v)+&(Tt+ 2). se- 
quently we should expect to find the ratio of N to 7’ extremely great. ‘This agrees with a conclusion 
of the late Mr. Green’s*. Since the equilibrium of any medium would be unstable if either 
A or B were negative, the least possible value of the ratio of N® to T* is 4, a result at which 
Mr. Green also arrived. As however it has been shown to be highly probable that 4 > 5B even for 


B=f(«), the same equations give p 
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the hardest solids, while for the softer ones — is much greater than 5, it is probable that > is 
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greater than ,/3 for the hardest solids, and much greater for the softer ones. 
If we suppose that in the luminiferous ether — may be considered infinite, the equations 


B 
of motion admit of a simplification. For if we put mA (22 + 2 ea =7) = —p in equations (32), 
av a y Z ) 


and suppose mA to become infinite while p remains finite, the equations become 
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and pA dp dy = 0. 
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When a vibratory motion is propagated in a medium of which (33) are the equations of 
motion, it may be shown that p = y(t) if the medium be indefinitely extended, or else if there be 
no motion at its boundaries. In considering therefore the transmission of light in an uninterrupted 

‘vacuum the terms involving p will disappear from equations (33); but these terms are, I believe, 
important in explaining Diffraction, which is the principal phenomenon the laws of which depend 
only on the equations of motion of the lumniferous ether in vacuum. It will be observed that putting 
A= © comes to the same thing as regarding the ether as incompressible with respect to those 
motions which constitute Light. 


G. G. STOKES. 


* Cambridge Philosophical Transactions, Vol. v11. Part I. p. 2. 


XXII. Calculations of the Heights of the Aurore Boreales, of the 17th September 
and 12th October, 1833; with Observations upon the Locality of the Meteor. 
By Ricuarv Porrer, M.A., late Fellow of Queens’ College, Cambridge, 
and Professor of Natural Philosophy and Astronomy, University College, 
London. 


[Read December 8, 1845.] 


Tue data I have employed for the calculations of the heights of the arches of the Aurore 
Boreales, which were seen on the nights of September 17th and October 12th, 1833, are chiefly 
contained in the Conspectuses of the observations printed and distributed, together with various 
recommendations, to members of the British Association for the advancement of Science. 

In one instance, additional information is used from the Yorkshire Gazette; where Mr. 
Phillips gave the breadth of an arch which he had omitted in the Conspectus. 

In consequence of the attention of scientific men having been drawn to the subject, the 
observations on these displays of the Aurora Borealis, were much more complete than had ever 
been obtained before. The time in the various observations was reduced to Greenwich time, 
by Mr. Phillips the Secretary of the Association, which thus facilitates the comparison of the 
phenomena noted by different observers: nevertheless they have never before been carefully 
discussed. The partial discussion communicated by Professor Airy to this Society in November 
1833, and published in the Philosophical Magazine for December of that year, is the only 
previous discussion of them, that I am aware of; and the height was investigated only by 
a graphical method, which appears to have given results very inaccurate for many of the 
observations. 

Regular observations on the Aurora of September 17th were taken by Mr. J. Phillips at 
York, by Mr. Clare, Mr. Hadfield and myself, at or near Manchester, by Professor Airy, at 
Cambridge, and by the Hon. C. Harris, near Gosport. 

On the 12th October, regular observations were obtained by Professor Sedgwick, at Dent, 
near Sedbergh, by Mr. W. L. Wharton, near Guisborough, by Mr. J. Phillips, at York, by 
Mr. Clare, Mr. Hadfield and myself, at or near Manchester, by Dr. Robinson, at Armagh, by 
Professor Airy, at Cambridge, and by the Hon. Charles Harris, at Heron Court, near Christ- 
church, Hants. 

The arches being perpendicular (or very nearly so) to the magnetic meridians of the places 
of observations, a base for trigonometical calculation is more certainly obtained with respect to 
them, than any other parts of the appearances. In the following calculations, I have accordingly 
used observations on the arches only. 

In the Conspectus for the 17th September, I find only two sets of contemporaneous obser- 
vations, the one for Cambridge and Manchester, at 8".25™ Greenwich time; the other for York 
and Gosport, at 11".0". Manchester and York are too nearly of the same magnetic latitude 
to furnish an adequate base. To these I may add an observation of my own, of the altitude 
of an arch and its extent on the horizon, for calculating the height from an observation at 
one place only, by means of a subsidiary hypothesis that the arches are portions of small circles 
round the magnetic axis. 
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The Conspectus for the 12th October, furnishes more sets of contemporaneous observations, 
namely, Cambridge and York at 7.55" Greenwich time; Guisborough and Heron Court at 
s®,20™; Dent and Manchester at 8".55™; Armagh and Manchester at 9*.0™; and about 12 to 
14 minutes later; Dent and Heron Court at 10".40™. Observations at Dent and Armagh, might 
have been taken, but with a much diminished base line; and Armagh is situated on so distant 
a magnetic meridian from that of Dent or Manchester, that the calculations have a greater 
value with respect to the law of terrestrial magnetism, than as giving very accurately the height 
of the Aurora. 

The regular and perfect arches have their highest points so nearly in the magnetic meri- 
dian, that if there be any determinable deviation from this, more accurate methods of observation 
must be employed in order to measure it. If two places be situated on the 
same magnetic meridian, the point in the arch which has the greatest altitude 
above the horizon at the one place, will be the same as the point which has the 
greatest altitude at the other. If the places are not situated on the same magnetic 
meridian, this will not be the case; and in order to calculate the height of the 
arch above the earth’s surface, from observations of the altitudes of the highest \ 
points, we must obtain our base by projecting the places on an intermediate 
magnetic meridian. 

Let 4 and B be the two places, draw da, Bb perpendiculars on the magnetic 
meridian, then ab will be the base to be used in the trigonometrical calculations ; 
and putting v = the magnetic variation, we have the formula in English miles, \ 


ab = {difference of latitudes in degrees x cosv + difference of longitudes in 
degrees x cos latitude x sinv} 69. 
A 


The lower sign to be used when the place having the greater latitude, has NP 
the less West longitude. The are of the magnetic meridian thus found and x 
its chord, will not sensibly differ for any two of the places of observation; but 

the observed altitudes will require correction for the curvature of the meridian, in order to reduce 
the calculation to the case of a rectilineal triangle. 


If C be the centre of the earth, A the point of the arch 
supposed to be observed at a and b, the projections as in the 
last figure. ‘Then to solve the triangle Aa@b, we increase the 
observed altitude at @ by half the angle aCb, and diminish the 
observed altitude at 6 by the same quantity, for the angles 4bb’, 
and Aab, Having found the distance 4b, we find the distance 

‘of A from the earth’s centre by solving the triangle 4bC; and 
therefore know the height above the earth’s surface. 


s 
~ 


—_— 


— 


In this way I have calculated the following observations: 

When the altitude of the arch was referred to a given star, I have calculated the altitude 
of the star from the Right Ascension and Declination given in the Nautical Almanac, for 1833. 

In such case there was no correction for refraction to be applied, as the star and arch 
were equally affected. 


In the observations on the 17th September, we have the following: the time in all cases 
being Greenwich time, 


From Professor Airy’s observations at Cambridge. ‘‘ 8", 25".—-The Aurora appeared in the 
form of a large bright cloud, bounded on the lower side by the horizon, and on the upper 
side by an arch of a small circle (not differing much from a great circle). The extremities 
of the arch were in the N.E. and W.N.W. or nearly W. The upper boundary was lower 
than 8 Urse Majoris by 3 x distance from a Urse Majoris to 8 Urse Maijoris,” &c. 
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From Mr. Clare’s observations at Manchester. ‘ 8". 24™,—The arch 7° broad, includes 
Dubhe, Arcturus, and Capella, so that Capella is on the extreme upper edge; Dubhe rather 
above the middle of the breadth, and Arcturus rather below the middle, centre of the arch a 
little E. of 6 Urse Majoris. Extent of the arch 130°.” 

Now the altitude of 3 Urs Majoris at 8. 25™. was 24°. 17’ and 2 x dist. of a and 8 = 8°. 4, 
therefore altitude of summit of arch = 16°. 13’ at Cambridge. 

The altitude of a Urse Majoris (Dubhe) at Manchester at 8". 24". was 31°. 14, and azimuth 
22°, 34’ N. towards W. about 23°. from the magnetic meridian. Therefore the altitude of the 
summit of the arch = 31°. 14! + 3°,15' = 34°. 29’ nearly. 

The distance of Cambridge and Manchester projected on the magnetic meridian whose 
variation is 24°. 30’ is 119.42 English miles. 

These data give the distance of the arch from Manchester 123.27 miles, and the height 
above the earth’s surface, of the upper edge, 71 miles. The breadth subtending 7° at Manchester, 
we find it to be 15 miles. Therefore the height of the lower edge was 56 miles. 

The above arch having disappeared, and the Streamers and Auroral light having diminished, 
the appearances were subject to slight changes until 10". 49}™.; when another arch was seen at 
York by Mr. Phillips, and near Gosport by the Hon. C. Harris. 

From Mr. J. Phillips’s observations at York. 

«6 10°, aor) 

to 
19" 


In the Yorkshire Gazette for 21st September, 1833, Mr. Phillips states its breadth to be 4°; 
therefore the altitude of the under edge was 16°. 


A low faint arch stationary, its upper edge nearly reaching to » and + Urse 
| Majoris; its vertex under Mizar (alt. about 18° in the middle).” 


From the Hon, C. Harris’s observations, at 1 mile W.N.W. of Gosport. 
“¢10". 493™. 
to 
11°, 43™. 

Now the altitude of G Ursee Majoris at Gosport at 10°.57™. was 21°. 32’, and therefore 
the altitude of the lower edge was 10°. 46’. 

The distance of York and Gosport projected on the magnetic meridian whose variation is 
24°, 30’ is 197.66 miles. 

These data give the distance from York 1011.53 miles, and the height above the earth’s 
surface 389 miles. 


Arch from N.W. to N.N.E. Its vertex under ¢ Urse Majoris, and the 
edge of its base half way between that star and the horizon.” 


In the Conspectus for the Aurora of October 12th, we have from Mr. Phillip’s observations 
at York. 

<< 7h 56™._The summit of the arch was now 3° below the stars (3 and y Urs Maj. &e. 

cen Be 57™.—Suddenly it appeared double, in consequence of the production of a very narrow 
faint arch above that seen before, and separated from it by a dark band. 

«<7 53™.—This upper arch rose, so as to include (3 and y Ursz Maj., in its midddle. 

«© gh_om __Tt had vanished away, after rising still higher.” 

From Professor Airy’s observations at Cambridge. 

© 7h 54™.—_The upper boundary of the bright cloud was extremely sharp; it began to the 
left of Arcturus, passed a very little above Arcturus, below yy Urs Maj. at exactly half the 
elevation of +y Urse Maj. (which was its highest point) and terminated E, of the N. at about 
half the azimuth of (3 Aurige. &c. 

«¢ 7h 59™—A black line was discoverable very near the upper boundary and parallel to it. 
The upper part rose and the lower fell a little, thus widening the black line. About Arcturus 
the upper part rose most. 

«gh 2™__The upper part after rising considerably had wholly disappeared, &c.” 
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We have here one of the rare cases which fix the identity of the phenomenon seen; the arch 
appearing double at places so distant as Cambridge and York at the same time. 

The distance of the projections of York and Cambridge on the magnetic meridian whose 
variation is 24°, 30’ is 129.97 miles. The altitude of yy Urse Majoris at York at 72. 56™. 
was 22°, 50’; therefore the altitude of the summit of the arch was 19°. 50’. 

The altitude of -y Ursee Majoris at Cambridge at 7". 54", was 21°. 3’; consequently the altitude 
of the highest point of the arch was 10°, 314’. 

These data give the summit of the arch 199.93 miles distant from York, and its height 
above the earth’s surface 72.2 miles. 


From Mr. W. L. Wharton’s observations at Guisborough. 
«gh 20™.—Well defined arch, passing between a and 3 Urs Majoris its summit somewhat 
above ¢ Urse Majoris, no radiations.” 


From the Hon. Charles Harris’s observations at Heron Court, 4 miles N.W. of Christchurch, 
Hants. 

© gh 90™ __Bright, irregular arch, like a luminous bank of fog, about 8° above the horizon.” 

The distance of the projections of Guisborough and Heron Court on the magnetic meridian 
whose variation is 24°, 30’ is 225.1 miles. 

The altitude of ¢ Urs Majoris at Guisborough at 8". 20". was 28°, 47’; therefore the summit 
of the arch would have an altitude of about 29°. The breadth of the arch passing between 
a and (3 Ursw Majoris would be 5°; therefore the altitude of the lower edge would be 24°. 

In the Hon. Mr. Harris’s observation we have the altitude of the lower edge 8° — refraction 
= 7°. 53. 

From these data we find the distance from Guisborough to have been 167.34 miles, and the 
height of the under edge to have been 70.9 miles. The breadth being 14.6 miles, the height 
of the upper edge was 85.5 miles. 


From the observations of Professor Sedgwick at Dent, near Sedbergh, Yorkshire. 
‘© g",55™.—The upper part of the arch, better defined than before, passed between a and 3 
Ursee Maj. and very near ¢ Urs Maj. Its vertex in or near the magnetic meridian. &c.” 


From my own observation near Manchester. 

sgh 534™—The arch has its vertex under ¢ Urse Maj. and its upper edge touches + 
Urs Maj., altitude about 19°. 30’.” 

At 8".54™. Mr. Hadfield found, near Manchester, but on the opposite side, that the altitude 
was 20°, and the extent on the horizon 120°. 

The distance of the projections of Dent and Manchester on the magnetic meridian with 
variation 25°. 30’ is 52.56 miles. 

The altitude of ¢ Ursa Majoris at Dent at s", 55™. was 26°, 32’, therefore the altitude of the 
arch passing near it we may call 26°26’. Mr. Hadfield’s observation corrected for refraction 
gives the altitude at 8".54™, as 19°. 57’. 

With these data we find the arch to have been 183.38 miles from Dent, and the height of 
the upper edge to have been 84.97 miles. 

The arch, or rather arches, appear to have been stationary from about 8".54™. to 9°. 10™., 
for from Professor Sedgwick’s observations we have, 

<< oh. 10™.—Arch nearly as before.” 


From Mr, Clare’s observations at Manchester, who has recorded the arch as double at 8", 54™,, 
we have 
«¢ gh 9™—The two arches remain in the same position.” 


From Dr. Robinson’s observations at Armagh. 
s¢ gh 1™,—Three parallel arches, the principal one has its upper edge on Polaris, and midway 
between Capella and 8 Aurige ; its lower a little above B and y Urs Majoris. 


Loy by 
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«gh. 6™.—Arch in the same place place, &c.” 

The distance of the projections of Armagh and Manchester on the magnetic meridian with 
variation 25°, 30’ is 128.76 miles. 

By a careful examination of the course of the arch as seen at Armagh on a ceelestial globe, 
the altitude of the summit must have been about 60°, and the altitude at Manchester as above 
was 19°. 57’. 

These data give the distance from Armagh 74,25 miles, and the height above the earth’s 
surface 64.47 miles, 

If we took the altitude at Armagh as 59°, and allowed 
1°. 30° for the point of the arch which appeared the highest at 
Armagh, not corresponding with that which appeared the highest 
at Manchester, on account of the elevation being so great at : 

Armagh, as shewn by the figure, we should have the height of the io ee 
arch above the earth’s surface 66.5 miles, and the distance from 
Armagh 78.69 miles. 


From Dr. Robinson’s observations at Armagh. 
ce gh 11™.—Upper edge of arch has risen to Lyra and Capella, and a new arch has risen 
beneath it, &c.” 


From my own observations near Manchester. 
oh 144™__» Ursa Majoris in the upper edge of the arch, the height of which by 


99 


measure = 219.10. : 

The altitude of 1 Urse Majoris at Manchester at gh. 143™, was 21°. 6’ confirming the altitud 
I obtained by an instrument made purposely for observing the Aurora; as however there is a 
discrepancy between the height above the earth’s surface deduced from these observations and 
the previous ones, I will suppose the extreme upper edge had an altitude of 22°, that we may 
be certain the discrepancy does not arise from an under valuing of the altitude at Manchester, 
but must be sought in other causes, 


From Dr. Robinson’s observation, the altitude of the upper edge must have been 714°, 
from which we may deduct 13° for parallactic effect. 

These data give the distance from Armagh 69.59 miles, and the height above the earth’s 
surface 65.4 miles. 

These results are remarkably in accordance with the others for the same places, but 
considerably different from the calculations for other places for nearly the same time; so that 
probably the method of projecting places ‘of which the magnetic meridians are so distant as 
Armagh and Manchester upon an intermediate magnetic meridian to obtain a base line, is 
only approximately correct, from the course of the arch over the earth’s surface, rather than 
for geometrical reasons. 

Another arch was observed from 10", 34. to 10%. 45", at Dent, Guisborough, York, Man- 
chester, and Heron Court. 


From Professor Sedgwick’s observations we have, 

** 10", 40™.—-The bright space arranges itself into an arch, commencing nearly N., passing 
through » Urse Major.; about 25° high near the magnetic meridian (measured only by a 
geological clinometer).” 


From the Hon. Charles Harris’s observation. 


«© 10".37".—A low arch again formed, its base scarcely 5° above the horizon, extending to 
about 7°, &c.” 

The distance of the projections of Dent and Heron Court on the magnetic meridian with 
variation 25°, is 232.52 miles. 


OF THE AURORE BOREALES, ETC. 325 


The altitudes of the summits of the arch being observed 25° at Dent and 7° at Heron Court, 
correcting these for refraction, we find the distance of the arch from Dent to have been 136.33 
miles, and its height above the earth’s surface 59.4 miles. 

I some years ago shewed, in the Edinburgh Journal of Science, that the locality of an 
arch of an Aurora Borealis might be determined from observations at one place, by the help 
of the hypothesis that the arch is a small circle round the magnetic axis, This hypothesis 
cannot be accurate, from the change of the variation on the earth’s surface, and we must con- 
clude that, strictly, the regular arches are only perpendicular to a series of magnetic meridians; 
which for localities exterior to the earth’s atmosphere, may be found, when the meteor has 
been more accurately observed, to differ from any assignable series on the earth’s surface. 

As an approximation this method gives the height sufficiently in accordance with the 
trigonometrical method, to induce us to attempt more accurate observations, when the theory 
of terrestrial magnetism shall be sufficiently advanced to enable us to profit by them. 

The required observations are the altitude of the summit of the arch, and its extent on 
any given plane perpendicular to the magnetic meridian. 

When the given plane is the horizon, the formula takes the following simple form: 


| 
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&. 
™ 
s 
© 
. 


R= 


where » = earth’s radius, 
R = distance of the arch from the earth’s centre, 


e = trig. tang. of altitude of the summit, 


m = (secant same angle)’, 
1 = (secant 4 extent on horizon)”, 


p=1+eg, where g = trig. tang. of magnetic polar distance of the place of observation. 


In the Aurora of the 17th September, I obtained the following observation with the view 
to its being used with the above formula. 

Ud 8". 403™. Arch 38° or 39° high, and extending about 160° on the horizon.” 

Taking the altitude 39°, and + = 3954 miles, the formula gives R = 4007.9 miles ; whence 

R—-v=height above the earth’s surface = 53.9 miles. 
} We saw that the height of the under edge was 56 miles, and of the upper edge 71 miles 
at 8", 24™. 

From the preceeding results, we must conclude that the meteor occurs immediately beyond 
the ordinary limits assigned to the earth’s atmosphere, and from that to very great altitudes; 
which is in accordance with the results of many previous calculations. 

I shall conclude my paper with expressing my conviction that the Aurora Borealis will, 
in some future time, from its connection with the earth’s magnetism, be subjected to much 
more accurate methods of observation than have hitherto been attempted. 


R. POTTER. 


XXIV. The Mathematical Theory of the two great Solitary Waves of the First Order. 
By S. Earnsuaw, M.A., of St. John’s College, Cambridge. 


[Read December 8, 1845.] 


THoucH it is now about a hundred years since the general equations of fluid motion, expressed 
in partial differential coefficients, were first given to the world, I am not aware that any 
important case of fluid motion has hitherto been rigorously extracted from them. This however 
has not arisen from want of effort, for the subject on account of its importance has successively 
occupied the attention of the first mathematicians from the days of D’Alembert to the present 
time; but rather from the peculiarly rebellious character of the equations themselves, which 
resist every attack, except it have reference to some case of a very simple and uninteresting nature. 


This want of success I am inclined to attribute chiefly to our experimental ignorance of the 
peculiar and distinctive characters of different species of fluid motion. In this matter indeed 
there was a tendency to ignorance produced by that little success which had attended mathematical 
research; for as it was found that fluid motions of every sort, providing they are continuous, 
are all expressible by the same partial differential equations, it was thought that those equations 
ought to admit of being integrated in some general forms which should consequently include the 
properties of every possible kind of continuous fluid motion. The natural consequence of this 
idea has been that much effort has been unsuccessfully expended in attempts to obtain general 
integrals. Two ways of approximation however are open to research ;—the one, in which the 
approximations are made by neglecting certain terms on account of their supposed smallness in 
comparison with the terms retained; and the other, in which ab initio hypotheses are made 
as to the paths or velocities or some other character of the motions of the particles. With 
regard to both these methods, it is evident that they must first be authorized by experiment, 
before they are used in verifying or predicting results. The former however is peculiarly 
liable to error, from our being uncertain in many cases, whether with the neglected terms, we 
may not have discarded some of the peculiar and essential properties of the motion we are 
investigating. And with respect to the latter method, recourse must be had to experiment 
to ascertain what are the really distinctive characters of the various kinds of fluid motion. 
Hence nothing seemed more likely to conduce to the advancement of the Theory of Hydro- 
dynamics than the appointment of a Commission, by the British Association for the Advancement 
of Science, the object of which was the discovery of the ‘‘ Varieties, Phanomena, and Laws of 
Waves:” for if there be varieties of waves differing in their phanomena and laws, it was too 
much to expect the mathematician (considering the exceedingly intractable nature of the 
equations with which he has to deal) to discover what are the precise hypotheses which lead to 
each variety. He must at least be allowed to know something of the peculiar phenomena of 
each variety, before he proceeds to the integration of his equations; and there is no way in 
which he could gain this knowledge except through the medium of experiments such as the 
Commission, just alluded to, were directed to institute. The differential equations of motion 
are too comprehensive to admit of general management. An hypothesis is in fact necessary to be 
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made before we can advance a single step towards their integration; and by the aid of it we may 
only advance to a certain point, and no farther. If it be asked why we are thus stopped, the 
answer seems to be this; the results obtained up to that point are still of too general a character, 
embracing every variety of fluid motion which is compatible with the hypothesis on which we 
started. Now among the large class of such motions, there may be some varieties which cannot 
be analytically expressed by the same final formule; and consequently these require to be sifted 
from the others and from one another, by additional hypotheses; each hypothesis pointing at the 
variety or subdivision to which it belongs, and to no one else. Nothing in fact can be more 
clear than this, that if there be varieties of fluid motion the laws of which do not admit of being 
expressed in the same analytical forms, those varieties must be separately treated by the 
mathematician; and to the oversight of this necessity I attribute the insignificance of the progress 
which has hitherto been made in this subject. 


I have thought it necessary to introduce these remarks, because some persons, especially 
among such as have not made Hydrodynamics a special object of study, are apt to depreciate 
investigations which set out upon a set of hypotheses which manifestly limit the range of the 
results obtained. They prefer investigations which set out with fewer and broader hypotheses, 
because they have the appearance of greater generality; and this character they continue to 
ascribe to such investigations, though it is found that in carrying them out it may have been 
found necessary to introduce a system of approximations by the neglect of certain terms. I am 
persuaded that this view is utterly fallacious in the majority of cases of any importance in nature: 
and that the wiser and better course when possible is, to consult experiment and thence obtain 
authority for a set of hypotheses to start with, and to carry out these hypotheses to the end 
without the introduction of analytical approximations. Our results will then be as comprehensive 
as our hypotheses, and as far as they go may be relied upon with unlimited confidence. This 
is the course which has been adopted in the following investigations. The experiments which 
I have taken as a guide in framing my hypotheses are those of Mr. Scott Russell which are 
printed in his “ Report on Waves” in the ‘‘ Report of the Fourteenth Meeting of the British 
Association.” These experiments were conducted with well-contrived apparatus and great care, 
and are as worthy of confidence as experiments on wave motion can be: and there seems to be 
but one circumstance in them to be regretted, which is, that Mr. Russell having been led by his 
results to adopt a certain empirical formula for the velocity of transmission of a wave, his 
experiments seem in a great measure to have degenerated into an effort to establish the truth 
of that formula, in which he appears to have overlooked or forgotten the probability that after 
all it might only be an approximate result, and that the exact mathematical form might contain 
‘elements not recorded in his tables, because not required in his formula. The consequence of 
this oversight is that he has not recorded one element, very easy of observation, and of essential 
importance ; viz. the distance through which each particle was transferred in space by a wave in 
passing it. Had this element been recorded, the experiments would have been much more 
complete: and without it they are certainly defective as accurate tests of theory. It is true 
Mr. Russell has given a rule for calculating this element; but he has not furnished us with the 
requisite data. These are the volume of the fluid which is elevated above the general level, and 
the breadth and depth of his canal. The last two are given, but the first is not given in any 
one instance. He has indeed stated the volume of fluid originally put in motion, and seems to 
have supposed that this would supply all that was wanted; entirely overlooking a fact, which 
must have forced itself upon his attention in the very first stages of his experimental researches, 
viz. that a single wave could never be generated alone, and that consequently all the fluid 
originally displaced did not go to form the single wave of observation; which besides, as the 
experiments themselves shewed, and as we shall prove theoretically, was continually wasting away, 
and thereby rendering the data still more inaccurate as the experiment proceeded. 
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And in fact Mr, Russell tells us he found it necessary to wait awhile after the completion 
of the process of generating a wave till the main wave had separated itself from the residuary 
waves, which always accompanied its genesis. To generate a single wave required, as we shall 
see, the exertion of a peculiar law of pressure; and as no attempt was made to secure the 
observance of this law in Mr. Russell’s experiments, the inevitable consequence was the genesis of 
residuary waves, We shall also see from our theory, that the nature of the motions given to the 
particles of the fluid in this kind of wave produces a natural tendency in the wave to generate 
and cast off irregular disturbances from itself, working its own destruction as it proceeds. While 
therefore I look upon these experiments as very valuable additions to our knowledge, I still regard 
them as imperfect even to the extent to which they profess to have been carried. It is impossible 
indeed to read the Synopsis which Mr. Russell has given in page 343 of his Report without 
perceiving that he was too eager to adopt as results of | experiments certain geometrical analogies, 
of which there seemed to be some faint shadowings indicated in his observations. 


In his Report Mr, Russell conceives that his observations authorized him to consider waves 
as divisible into four distinct species: the first of which he has denominated ‘The great 
solitary wave.” It is found to comprehend two varieties, the positive and the negative wave, 
which though agreeing in some general characters differ in others. The object of the present 
paper is to furnish the mathematical theory of this species. But how are we to sift this from 
the other species? I have examined the phenomena which Mr. Russell has recorded, and fixed 
upon such as belonged to this species alone; and these I have made the basis of my calculations, 
But it is obviously desirable that the phanomena thus selected should be of such a character 
as admitted of easy and accurate observation. That the reader may judge in this matter I will 
here propound them with Mr. Russell’s statement of the method by which he obtained the one on 
which there might possibly be a doubt: merely premising that I suppose the wave to be 
transmitted in a horizontal canal of uniform breadth and depth, and that the fluid is incompressible. 


ist. The velocity of transmission of a wave is uniform, 


2nd. The horizontal velocity of all particles, which are situated in a vertical plane, 
intersecting the axis of the canal at right angles, is the same. 


By a contrivance of peculiar ingenuity Mr. Russell was enabled to obtain the velocity of 
transmission with great exactness; and the result at which he arrived, and which we shall assume 
to be accurately true is, that abstracting from friction and the cohesion of particles, the velocity 
of transmission is uniform and the wave is permanent. We shall in the end shew that this 
hypothesis is not strictly accurate. 


With respect to the verification of the other principle which I have assumed, Mr. Russell 
thus writes: —** The methods I had employed for such observations were the observation of the 
motion of small particles visible in the water of the same, or nearly the same specific gravity with 
water, or small globules of wax connected to very slender stems, so as to float at required depths, 
The motions of these were observed, from above on a minutely divided surface on the bottom of 
the channel; and from the side, through glass windows, themselves accurately graduated, the 
side of the channel opposite the windows being covered with lines at distances precisely equal 
to those on the window, and similarly situated. These methods are the only methods of 
observation I have found it useful to employ, but I have now increased the number and_ variety 
of the observations sufficiently to enable me to adduce the conclusions hereinafter following, as 
representing the phenomena as far as their nature will admit of accurate observation.” ‘If the 
floating spherules before mentioned be arranged in repose in one vertical plane at right angles to 
the direction of transmission of a wave, and carefully observed during transmission, it will be 
noticed that the particles remain in the same plane during the transmission, and repose in the 
same plane after transmission. It is further found, as might be anticipated from the foregoing 
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observations, that @ thin solid plane transverse to the direction of transmission, and so poised 
as to float in that position does not sensibly interfere with the motion of translation or of 
transmission.” 


From this statement it would appear that we may safely assume, as an experimental fact, 
the second principle which I have proposed to assume as the basis of calculations. The 
observations required to be made in establishing it are such as admitted of very accurate 
verification; and seem also to have been made with care, and therefore the principle must be 
either accurately true or very nearly so. By reference to the Report itself the reader will find 
that this property of the solitary wave is not shared by any of the other three species of waves, 
and is therefore very proper to serve as a distinctive assumption to sift this species from the 
general equations of fluid motion. The investigations which follow will therefore contain the 
Mathematical Theory of Waves of the First Species, i.e. of the Positive and Negative Solitary Waves. 


PROBLEM. 


A quantity of incompressible fluid is in a state of repose in a straight horizontal canal, the 
sides of which are vertical and parallel, and the bottom horizontal. A single wave is generated 
by pushing in one end of the canal in a proper manner: to determine the subsequent motion of 
the fluid, on the two hypotheses before mentioned, viz. 


Ist. That the velocity of transmission of the wave is uniform. 


And 2nd. That the horizontal velocity of every particle, in a transversal section of the 
canal, is the same. 


Let a horizontal line drawn along the bottom of the canal, parallel to the sides, be taken 
for the axis of w; let the axis of y be vertical. 


h 
k 


c = the velocity of transmission of the wave. 


equilibrium depth of the fluid ; 


ll 


the depth from the top of a wave to the bottom of the fluid ; 


As the motion of each particle is manifestly in a vertical plane, it will not be necessary to 
‘take account of the breadth of the canal, nor of the third co-ordinate of any particle; let 
therefore wy be the co-ordinates and wv the velocities of any particle at the time ¢; and suppose 
p the pressure of the fluid at the same point; the density of the fluid being taken as unity, 


Then by our second hypothesis w is a function of w and not of y; consequently the equations 
of motion are in this case, 


ES ae Ot | 74 oy 1s 8 Sa ag ee a (1), 

d,p=—g —d,v —ud,v—vd,v ,.........-.++.(2) ; 
and the equation of continuity is, 

O = dU +. O,0 ...secceccosseccecreererceseeeneceee(3)s 
and our first hypothesis gives, 

OSCR CAG A SS peacnsOccoe soe naecee oe apes (4). 


From these four equations we are to obtain our results, 
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Integrating (3) with regard to y, remembering that « and therefore also d,w, is independent 
of y, we find 
DiS S10 Maonocsnssnapanedcaccdoso000())5 


no arbitrary function of w being added to this integral, because manifestly v =0 when y = 
whatever be the value of 2; and no function of ¢ is added because from (4) ¢ enters with w only. 


By means of this result eliminating v from (2) it becomes 
dp = — 8 + {ddyw + wd, wu — (d,U)?} Yor seerervecrereee (6). 


Now d,.d,p =d,.d,p; and as appears from (1) d,p being independent of y, d,.d,p'= 0, 
consequently d,p must be independent of «; from which it Palloge that the coefficient of y in (6) 
though a function of w is not a function of x, and therefore not of ¢ by (4); and of course it is 
not a function of y, consequently it is constant both with respect to a, y, and ¢; 


-, constant = dd, wu + wd — (d,t)?,..cccccscccccscce (7). 


Before proceeding farther it is necessary to ascertain whether this constant have a positive 
or negative sign. We may ascertain this as follows. 


Let us use the letter 6 as the symbol of differentiation, taking w and y to belong to the same 
particle through the time d¢; then it is well known that instead of the equation (2) we may use 
the following which is exactly equivalent to it, viz. 


dp=-8-OY, 
which being compared with (6) gives, 
ofy = — jd.d,w + ud, u — (d,u)’hy, 
= — (constant) y. 


Hence the force which urges the vertical motion of any particle varies as the distance of the 
particle from the bottom of the canal, and has always the same sign. Consequently when the 
original displacement of the fluid is such that any particle attains thereby a higher position than 
it had when in equilibrium, the above force must act so as to bring it down to its original level ; 
i.e. the force must then be negative. Hence for what Mr. Russell calls the positive wave the 
above constant is positive. In a similar way it appears that for the negative wave the constant 
has a negative sign. It is therefore now necessary to separate our investigation into two branches, 
treating separately of these two varieties of the solitary wave. 


OF THE POSITIVE SOLITARY WAVE. 


In this case, representing the constant by n°’, we have for discussion the equations 
Mix dy dsw + Ud sh —)\(d;W)? 3 icectlecestlesia siete (8), 
CY POS = 77d foanan bandos bonddonnSodcoonadacanddéods (9) 


which belong only to the variety of wave we are now considering. The latter will furnish us 
with the law of the vertical motion of each particle; and it shews that it is expressible in the 
form of a sine or cosine of an angle the variable part of whose argument is n¢. 
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2 Y= tALCOS Oth 2G) i -mariasnehacrecaesig sat eee (10), 
and v = 6,y= —7A sin (nt — a) .......0000e (ail): 
Aso dini= = = Eeestann(ati= ia), siete (12). 


If we knew the greatest and least values of y for any particle we should be able to deduce 
results from these equations. Now for a particle in the surface, & and h are the greatest and 
least values of y. If we call ¢,, ¢, the values of ¢ when the particle has these values for its y; 
then v =0, when ¢=4¢4, and y=k; 


tte 10 PEON (IN) sec ccineisiecetaae (LS); 
and .. k=A from (10); 
-. h=k cos (nt,— a) from (10) 


=k cos (nt, — nt,) from (13); 


1 
a ty By CO8F! Bmore (Oley t 


k - 

Since v is positive or negative according as a particle is in its ascending or descending phase, 
it appears from (11) that m¢ is less than a as long as the vertex of a wave is behind a particle; and 
equal to a when the vertex is passing it; and greater than a when the vertex has passed it. 
Hence the functions on the right-hand side of the equations (10) (11) (12) are to be treated 
discontinuously, i.e. their variation is to be confined within certain limits; between these limits 
however their variation is continuous. Since, from the nature of the case y cannot be zero 
for a particle not originally at the bottom of the canal, it appears from (10) that mf ~ a must 


Li : . . 
always be less than =. Equation (11) shews that the vertical velocity does not begin from 


zero; but that it suddenly has a finite value, which gradually decreases till it is all lost: at 
which moment the particle begins to descend, gradually regaining the lost velocity, which being 
accomplished it is as suddenly lost, as it was suddenly generated. All this agrees exactly 
with the recorded observations of Mr. Russell (see Report, p. 342). Equation (14) gives half 
the time during which the vertical motion of any particle lasts. Consequently the time a wave 

oO 
» takes to pass a particle is = CORD” = <naveacas (15). The quantity n is unknown at the present 
stage of our investigation. 


We must now proceed to integrate the equation (8). For this purpose we must remember 
that (4) gives us 


u=(ct— x), 
which being written in (8), using @ for @ (et — x) for brevity, we have 
n®?=—cd2p + pds — (d.¢)’, 
d,(c — 9) > d.pdip _ 
“ e-@ n> + (d.p)*- 


and .- 


from which by integration we find 


e-p=CV n+ (dp); 


uU2 
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C being an arbitrary constant, not containing ¢ because ¢ enters @ with wv only in the form 
ct —@. 


The last equation being again integrated gives 


c-p+V/(- >) Cn' = De®. 


D being another arbitrary constant, a function of ¢ such as makes the right-hand member 
a function of ct — 7; 


x 


= Oma 
“. 2(e-) =Cn (Gets Ve a. 


But since @ is a function of ef — x, this equation by introducing ¢, and properly assuming 
the origin of ¢, may be written 


ct-x et-xr 


eenae C +e a) eBapht size se eset eos en meatenee (16) ; 


ct-« ct—s 
and .*. 2d,u = Ale oe ") seeleielslessieiss sis ielefesialeieislore neColsre spcue (HE) 


The last equation enables us to connect #@ and a; for comparing it with (12) we have 


et-—2x ct—x 


2 tan) (nt =a) Srey ON ie Wot msige - anne osreels Se ieetoseee nS) 


For a given particle a is constant, and consequently for that particle w so varies with ¢ 
as to preserve the truth of this equation. 


Eliminating x between (16) and (18), we get 
c—u=Cn sec (nt —a). 
Now for a particle in the surface w= 0 when ¢=¢,3 


. c=Cn sec (nt, — a) 


Cn sec (nt, — nt,) ; 


Cn h 
— = cos (nt, — nt,) = — from (14) ; 
c k 
ch 
3 Cni="=— 
aa 
ch 
consequently ¢ — w= ae Bee (iE 20) ed sSeccbas bos domasmGacoopLe (19), 


which gives the law of the horizontal velocity, as (11) gives the law of the vertical velocity of 
a particle: and it is worthy of remark that neither of these is represented by a sine or a 
cosine. An assumption therefore that they might be so represented would be improper: and 
from this assumption we may date in some degree the erroneousness of the results which have 
been obtained by some writers who have adopted methods of analytical approximation. We 


Tv T 
have seen also that the argument »¢ —a does not vary from —— to + gon some have supposed. 
2 


Equation (19) shews that the horizontal unlike the vertical motion of a particle is wholly in 


one direction, and is a maximum when the particle has reached its greatest vertical displacement ; 
after which it decreases to zero. 
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Let now «,, x, be the values of w for a given particle at the times Pepe 
Then (18) gives 
cts — x5 ety — rn 
2tan(mt,-a)=e © -—e  € , 
Cle — 2% _Cth— Ih 
and 0=2tan(mt,-a)=e © -e ©¢ 


The last line shews that ct¢, = 


w,; and the preceding line gives, remembering that a= t,, 
eth — xn 


= T mM 
e = tan vie De eres | 


and .. ct, — w, = C log, tan (= = 4 cos-'>). 


But ct,-—a, =0; 
7 h 
*. @ — x, — c(t, — t,) = Clog, tan (= - heos-17), 


Now 2(#, — @,) is the distance through which a particle is horizontally transferred by the 
transit of a wave; as this is an observable element we will denote it by (3; 


ve B = 2(a, - @,). 


Also the wave has travelled over the space c(t, —¢,) in the time f= & 


Now if \ be the length of a wave, the wave in the time 2(¢, — ¢,) has travelled over the 
space \ + B, 


ss r + B — 2c(t, 7 t,)> 
and .. X = 2C log, tan (E+ } cos-!*), 
4 k 
ch 2ch Te (= so 12) * 
ang ee Oss =i seece ese. (2 
Ck rk S. a 2 k ( 0). 


9 


2 h 
Also X+ B= 2c(t, —¢,) = — cos™! = 


Consequently 2 


tank 
h k 
es 2 l= ne, (21) 
log, tan a = 4 cos") 


We may consider this equation as giving the value of the length of a wave; and then 
(20) gives the value of m in terms of ec. 


If we expand the terms of equation (21) we find, 


Bik-h, k 3" k ( 3)" 
Te: 7 B= |) SS =) Pt Casereneeeeeen (22) 
Xian Of (<0: ke] 7am AB) oo. (22) 
which shews that as & diminishes, 8 diminishes compared with X. 


We may now proceed to determine the velocity of transmission; and the equation of a 
wave surface. 
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The equations for the pressure are, 
d.p = — du — udu = (e — u) du, 
and dp=-g+ ny ; 
o p=-4(e-u)l—-gy+4tn'y + constant. 
Now for a particle in the surface of the fluid p is constant; and if x be the value of y 
for such a particle, then 

constant = (ce — wu)? + 2g% — n°x".........--.(23). 

But the value of ¢ — u is known in terms of 2 from (16), and consequently, 


2 7,2 ct—a« ct— 2, 2 


constant = We (e C +e € ) + eae = niet ecco ene see( 28) 


is the equation which gives the form of a wave. ¢ is here to be considered constant. 
Again, when x =h, u = 0, 
“. constant = c* + 2gh — n*h? from (23). 
ch 
Also when x =k, c—-u= % from 19, and consequently, 


2 3,2 


constant = + 2¢k—-—n°k? from (23) ; 


k? 


h? 
Os o=e(1 - 5) + 2¢(h-—k) —n’(h* — k’) ; 


2 


2 
and .. @+7rv7h = : 
h+k 


And if in this equation we write the value of m from (20), we obtain the following final 
equation for the velocity of transmission, 


fae) 

5 hei. 

= a = 5 oar oteeceeeeee 
Cy og, tan(* +3 cos ;) 


It is to be remarked, that if h be very nearly equal to #, the denominator of the fraction 
on the right-hand side of this equation becomes equal to 1; and the numerator equal to gk, 


so that ec = V gk in that case; which is the empirical formula used by Mr. Russell. If h be 
Qek*? 7 k+k 
BG Cs a eee 
denominator is greater than 1, and consequently there is a tendency to compensation which causes 


much less than &, then 


} is greater than gk; but in that case the 


the value of ¢ to lean sensibly towards the value \/gk; which accounts for the near agreement 
of Mr. Russell’s formula with experiment; and shews that he was mistaken in imagining the 
velocity of transmission to be entirely independent of the length of a wave. 
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Equation (21) shews that waves which give the ratio between h and k the same, have 
their lengths exactly proportional to the spaces through which they respectively transfer a particle 
by transit past it. 


Equation (25) shews that in waves which have the same values of h and k, those will be 
transmitted with the greatest velocity which are the longest; and those with the least velocity 
which are the shortest. 


We may conclude this portion of our investigations with the determination of the exact path 
of each particle. The materials for this purpose are supplied by equations (10) and (19). In 
both of them a is constant for our present purpose. The former gives, 


y = A cos (nt — a)...... veoeee(26), 


in which 4 is the maximum value of y for that particular particle. 
Equation (19) gives 


% ch 
C— Oe = + sec (nt — a); 
Li 


, P chr : 
.@=C mrgiee aha e) 


ec ch 
== (nt — a) — or log, {tan (nt — a) + sec (nt — a)} + constant; 


# being eliminated between this and (26), we shall have the equation required; which is 
manifestiy not that of an ellipse as has been found by approximate methods; though as far as the 
eye can judge in an experiment, it may not be distinguishable therefrom. 


It is very easy to shew from (24) that the surface of a wave meets the level surface of the 
quiescent fluid in a finite angle; and that under certain conditions it may have a point of contrary 
flexure. The actual wave surface is only a symmetrical portion of the whole curve represented 
by the equation (24). When a wave first reaches a particle da = 0, and d,y =a finite quantity ; 
consequently the initial motion of each particle is vertically upwards with a finite velocity. When 


: : ’ h ; : - 
it has described half its path d,w =e (1 - a) and d,y = 0; consequently its motion is then 


horizontal. At the termination of its motion d,a =0, and d,y = — (the initial velocity), so that 

the final velocity is vertically downwards, and is finite; which indicates that the motion ceases as 
suddenly as it began. ‘This seems to coincide either accurately, or very nearly so, with the 
account Mr. Russell has given (Report, p. 342) of the observations he made on the motions of 
individual particles in his experiments. 


Before we proceed to compare the formula (20) with the results of experiment, it is necessary 
to advert again to a circumstance which has been already alluded to. The formula of (20) 
involves X. The value of this quantity not having been recorded in Mr. Russell’s tables, I have 
been under the necessity, as the best substitute for exact measures, of having recourse to the 
rule, which he has given in page 343 of his Report, for computing its approximate value. In 
the notation of this paper, that rule may with sufficient accuracy be represented by the equation 
X = 8h — 2k; for it is not necessary in computing the value of ¢ that X should be known with 
extreme accuracy, as the term in (25) into which it enters is very small, and has but little effect 
upon the value of c. With these premises we give the following table, exhibiting a comparison 
of theory and experiment. 
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Velocity by Velocity by Proportionate 
Theory. Experiment. Error. 


Inches. Inches. 


1.30 1.15 


5.04 


7.04 


39.00 


66.00 


A mere inspection of this table, the fifth column of which gives the proportion of the 
error of theory to the whole velocity, will enable the reader to judge whether the theory 
advanced in the preceding pages is borne out by experiment. I am not aware what degree 
of accuracy Mr. Russell is disposed to ascribe to his observations, but I imagine he will hardly 
maintain that the velocity of a wave could in any case be observed with greater accuracy 
than the fortieth part of the whole. I am therefore inclined to pronounce that the coincidence 
of theory and experiment is exact. 

The last column of the above table, though not necessary for the comparison of theory 
with experiment, is added for the purpose of shewing that there was a considerable degree of 
variation in the circumstances which characterized the several waves that are here selected as 


tests of theory. It may also serve as a further test of theory, if ever the experiment should be 
repeated. 


; BPC 
It is worthy of remark that the ratio : depends entirely on the value of the ratio —, and 


not at all on the absolute value of either hf or k. 


It also appears that there is no means of determining the absolute values of X and 6, from 
those of h and &: consequently we must consider either A or (3 a necessary element in the 
experimental determination of a wave of the kind we have been considering. 

If 2 & and #3 are observed, then all the circumstances of the wave can be calculated; i.e., the 
path, velocity, and position at a given moment, of each particle; and the place, form and velocity 
of the wave. 

We must now advert to a circumstance of considerable importance. The equation which 
we have found for the pressure at any point within the moving portion of fluid is 


p=-4(c-u)-gyt Ln’y? + constant. 


Now for those particles of the wave which are immediately in contact with the quiescent 
portion of the fluid, «=0; and consequently p= constant —gy+4n°y’; which varies partly 
as the depth and partly as the square of the depth of any particle below the quiescent surface, 
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But the pressure in the quiescent part varies with the depth only; and depends not at all on 
the square of the depth; consequently there is a discontinuity of the law of pressure in passing 
from the wave to the quiescent fluid. This is of course an impossibility; and therefore our 
equations, though they may represent the properties of the wave with as much accuracy as the 
experimental observations, cannot be regarded as the exact representatives of a possible wave 
motion. But as they are rigidly deduced from the two hypotheses which Mr. Russell considered 
to be experimentally justified, it follows as a necessary and indisputable consequence that it 
is impossible for the particles of a permanent wave to move in the manner here assumed, viz., 
so that those which are in a vertical plane at right angles to the axis of the canal should always 
continue in a vertical plane during the transit of the whole wave. This hypothesis, as we have 
seen, leads us to an impossible result ; and it is of importance to notice that this impossibility could 
not have been affirmed to be a necessary consequence of our hypotheses had methods of approxi- 
mation been followed in our investigations, because it obviously depends on quantities which are 
small. 


It appears then that the pressure at the junction of the moving fluid with the quiescent 
fluid cannot practically be such as our two hypotheses require it should be, yet as the hypothesis 
respecting the continuance of particles in the same vertical plane is certainly known to be very 
nearly true, as nearly true indeed as observation has been able tu discriminate, we may expect 
that it is the other hypothesis which deviates more sensibly from experiment. To the want 
of permanency of the wave therefore we must look for the experimental confirmation of the 
impossibility we have just discovered. We will therefore now turn to Mr. Russell’s experiments 
for evidence upon this point. 

At page 827 of The Report on Waves, we find what the author has designated the History of 
a Solitary Wave of the First Order, from observation. A wave such as we have been 
investigating was generated in a canal such as we have supposed. ‘The depth of the level fluid 
was 5.1 inches; and k — A or the altitude of the crest of the wave above the general level was at 
first 1.34 inches. An inspection of the table shews that the crest of the wave gradually fell, with 
so rapid a degree of degradation, that in five minutes it was reduced to °08 inches, the wave 
having in that time described 1160 feet. The velocity of the wave in the same time fell from 4,21 
feet per second to 3.61 feet per second ; the difference being -6 or one-seventh part of the whole 
original velocity. It is evident from this statement that the degradation of the wave was a rapid 
process, and that the consequent effect upon the velocity was considerable. 

These effects, which are much greater than could have becn caused by imperfect fluidity or 
friction against the sides and bottom of the canal, I consider are fully accounted for by the 
circumstance above-mentioned, viz. the impossibility there is that the pressure should be continuous 
and the wave at the same time permanent if the motions of the particles are such as we supposed 
them to be, and which experiment shews they very nearly are. We have certainly proved the 
truth’ of these two alternatives ;— if particles continue in a vertical plane while a wave passes them, 
then the wave cannot be permanent :—and, if the wave be permanent then the motions of particles 
once in a vertical plane cannot preserve them in a vertical plane while the wave passes them. 

In proportion as one of our two hypotheses is more nearly true the other is farther from being 
accurately true. Degradation of the wave is therefore the natural consequence of the law which 
we have assumed for the motions of the fluid particles; and if that law be an experimental truth, 
as we believe it is toa close degree of approximation, then the gradual destruction of the wave 
is a necessary consequence, resulting not from friction alone, nor from imperfect fluidity, but 
chiefly from the manner in which motion is initially communicated to the fluid particles. 

Strictly speaking, our investigations have been conducted on two hypotheses which are 
incompatible with each other; but experiment shews that, though they may not be accurately 
true, they are approximately correct and compatible: and we claim for the results of our 


Vor, VIIT. Parr III. Xx 
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investigation the same degree of accuracy as belongs to the hypotheses, because we have no where 
infringed those hypotheses by analytical approximations. It is easy to shew that we cannot regard 
our second hypothesis as being strictly correct. For if it were a possible hypothesis, then as the 
first cannot be at-the same time true, the quantity denoted by m* in equation (9) must be regarded 
as a slowly varying function of ¢. The equation for p then assumes the form p = F'(«,t) — gy 
+ 3n’y’; which involves the same impossibility as before, because at any given moment, at the 
junction of the wave with the quiescent fluid, the pressure depends on y’ as well as on y, which 
cannot be the case. Hence our second hypothesis is certainly not mathematically correct. « must 
therefore depend on y as well as on a. 


We come now to the consideration 


OF THE NEGATIVE SOLITARY WAVE. 


In this case, we are to represent the constant of equation (7) by — m*; the equations therefore 
which are peculiar to the wave we are now investigating are, 
= = dw + Wa W — (Ai). aon rtecieres cele (8'), 
V2 2 f 
OFA SIV AYEE... Te See oe pa cece tcc neces ateone eee OMy 


From the last we obtain 
y = Al (Ce ab Cups). 


and .. oy = An(e*~* = e~™ +4), 


Now by the nature of the case 6,y = 0 when the particle has gained its lowest position : 
but oy can never become = 0, unless we use the upper sign; the upper sign must therefore be 
used; and consequently we obtain 


ap =A et SE ree ARE aso Saee oko (10’), 


B= O84 = Ae  — Cae), Sac tien seeinenens GLIW)s 


SI eg eee OE (12’). 


The form of (9) shews that the force which regulates the vertical motion of each particle acts 
upwards, and consequently if the particle oscillate (which it must do if it be part of a wave) its 
motion at first must be downwards; it then comes to a minimum altitude above the bottom of the 
canal and then rises again to its original level. Let h be as before, and & the altitude of the lowest 
point of a wave above the bottom of the canal; then proceeding as in the corresponding part of 


the investigation for the positive wave, we obtain . 
OA a SOA. I (13), 
k =2A, 
Key nty—nte ntk— nth A 
h= (e +e ) ba aso ce (14); 
2 
I 7 ky 
and .. t,-# =—lo tan (= + }eos~*>). 
k h n S. A 2 h 


Since v is negative in the fore part of the wave, and positive in the hinder part, mé is less 
than a as long the particle is situated in the fore part, greater than a when it is in the hinder part, 
and equal to a when the vertex of the wave passes it. 
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We must now integrate equation (8’). Proceeding on the same plan as before, we obtain 
nt ~ (da) = (0 ~ p)d9; 
~e€-o= CVn? = (d.9)°. 


And integrating this equation, and assuming a convenient epoch for the commencement of f. 
we find 


«2 —ct 
e —u = Cncos sins clninns aw avitin'ei( 16, )is 
Cc 
. a2-—ect : 
*, d,u =n sin Tololeiniele.oletmaisintate oe Gs 
-nt+a nt—a < 
e =e . @ —ct 
i e-m+o 4 ona sin 3 
li gy. Mel ee shite 18° 
an “. € +e = Gov (18). 


Let w,, wv, be the values of w for a given particle at the times t,, t,. Then (18’) gives 


@, = ct,, and 


wv, —ct 
2 sec ar h = ents — nt + ents — nb 
Qh , 
= from (14) ; 


k 
*. v, = ct, = C cos. 
h 


Now while a particle is transferred by the wave through the space 2 (a, — «,) (= B) the wave 
itself has travelled its own length (=A) in addition to this space; and the time occupied is 


2 (4, > th), 


r 
welt i) = 5 t+ Uy; 


~ 


~ 


- &, — et, = -~, because ct, = a,; 


ro 


k 
Pea GuCosme—. 
cos h 


But when w=, and ¢=¢,, u=0, and consequently from (16’) 


“,—ct k 
»=C ee Owe 
ce m COS C Cn i 
ch 
Cn=—; 
ie 
2ch 


5 De S 


Again, A + B =2c(t, — ¢,) 
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T ye k 
log, tan @ au 4 cos ; 


o B 2 i doetea canaries - (21' 
= = 21’) 
=o 
k h 
To find the velocity of transmission we must refer to the equations for the pressure. These 
are 
d,p = —d,u - ud,u =(e - u) d,u, 
and dyp= -—g-7y; 
« p=-4(ce-u)y-gy—3n'’y’ + constant. 


For a particle at the surface p is constant ; and therefore 
constant = (c — u)® + 2g8 + 7S” .......00cceeeeeee (23) 


is the equation of the form of a wave: or restoring the value of % in terms of a, the 
equation of the curve of the wave is 


-— cos? —— + 2g2 + n’x* = constant............ (24’), 


in which ¢ is supposed constant. 
When z=h, w=0; 
. constant =e? +2gh4n°h* from (23’). 


h 
Also when x = k, ¢c-—w= = 


eh? 272 1 
*. constant aie 2gk + nk from (25); 


See (a = 1) — 2¢(h — k) —n?(h? — k*); 


kh? 
2Qek 
. Ce -vh = ae 
Ge) 
h+k , 
¢ ; one NG eu), 
5 ey 7a) 


Before submitting this formula to calculation a few words may be said respecting the 
experiments of Mr. Russell on negative waves, which without questioning his experimental 
accuracy in the least degree, I cannot but consider far less satisfactory than those which were 
made on positive waves. For to generate a perfect solitary negative wave it was necessary that 
a peculiar law of pressure should have been observed. Unless this law were observed it was a 
necessary consequence that residuary and superfluous waves would be formed. Now the mode 
of genesis which Mr. Russell employed seems to have been so little suitable to the nature of the 
negative wave, that throughout its whole course it seems to have been continually casting off 
superfluous (or, as Mr. R. calls them, companion) waves. This must have produced a direct 
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effect upon the wave itself, and an indirect effect in keeping the surface of the fluid in a state 
of agitation till the return of the wave after reflection at the end of the canal; by which the 
difficulty of accurately observing the exact time of transit would be greatly increased. Without 
the aid of some supposition of this kind, I cannot account for the manifest irregularities 
exhibited in Mr. Russell’s table of the observed velocities of negative waves. (Report, page 349). 


Velocity by | Velocity by | Proportionate 


k h Theory. | Experiment. Error. 
Inches. Inches. Feet. Feet. | 
96 1.00 1.59 1.38 | = 
3.30 4.10 2.88 Binet el re 
ao 
| 
3.40 4.10 2.93 2.43 | 5 
9 
4.60 5.10 3.46 3.37 7 


An inspection of the fifth column will at once acquaint the reader, that the errors here are 
far larger than in case of the positive wave. Instances however might have been selected from 
Mr. Russell’s table which would have exhibited a much closer agreement between theory and 
observation. It is not necessary to repeat the remarks before made respecting the discontinuity 
of the pressure, and the consequent destruction of the wave. 


I will now conclude this paper with a few general remarks. 

Mr. Russell states, ‘“‘that the positive and negative waves do not stand to each other in the 
relation of companion phenomena. They cannot be considered in any case as the positive and 
negative portions of the same phenomena.” This is completely borne out by the foregoing 
theory ; which shews that the two waves are distinguished in our investigations by a circumstance 
which prevents their coexistence; a certain constant being positive for one, and negative 
for the other, thereby making it impossible for p to be the same for both at the junction of the 
two parts, supposing them to be portions of one wave. 

If it were possible for both waves to coexist at the same place, by meeting each other, or 
by one overtaking the other, then we should have for the vertical motion of a particle in the 
: compound wave, 

dfy = (n® — n*)y. 

This is obtained by uniting equations (9) and (9’). Hence if n’ be greater than m, the result 
would be a negative wave; but if m’ be less than n, the result would be a postive wave; and if 
mn’ =n the result would be that y would be constant, or there would be no wave at all. 

This explains the following phenomena observed by Mr. Russell. 


“If a positive and negative wave of equal volume meet in opposite directions, they neutralize 
each other and both cease to exist.” 

“If a positive wave overtake a negative wave of equal volume, they also neutralize each other 
and cease to exist.” 

‘Tf either be larger, the remainder is propagated as a wave of the larger class.” (Report, p. 351). 


S. EARNSHAW. 


XXV. On the Geometrical Representation of the Roots of Algebraic Equations. 
By the Rev. H. Goovwin, late Fellow of Caius College, and Fellow of 
the Cambridge Philosophical Society. 


[Read April 27, 1846.] 


1. Ir is usual to distinguish the roots of Algebraic Equations into three classes, viz, positive, 
negative, and imaginary or impossible. Roots of all kinds may however be included under 
one head, by considering them as composed of a modulus and a sign of affection, that sign 
of affection being some power of — 1: thus if @ be the modulus, positive roots will be expressed by 

8 


@ 
(- 1)°. a, negative by (—1)'.a, and imaginary by (—1)".a, and thus we may take (—1)".a 
as the general expression for the root of an algebraic equation, and if reasoning could be con- 
ducted by means of such a symbol it would not be necessary to distinguish between real and 
imaginary roots, but all would come under the same view; and speaking quite generally we 
may say, that the root of an algebraic equation is a quantity with the negative affection developed 
in any degree between zero and actual minus. 
This mode of considering roots of course coincides with the ordinary mode of representing 
g p g 


the root of an equation by a (cos 6 + V/—1 sin 9), which symbol will be real and_ positive 
if @=0, real and negative if @=7, and imaginary in other cases; but what has been said 
appears to point out more clearly the true connexion between the different species of roots, 


and to remove in some degree the artificial character which at first sight attaches to the 
representation of real roots under an imaginary form. 

2. We may also bring the roots of an equation under one view geometrically; for 
considering the positive and negative roots only, we should represent them by setting off 
distances in opposite directions from a given point along a given line : now instead of a line 


passing through the point which we take as origin conceive a plane drawn through it, then 
8 
all the roots will be represented by lines in this plane; for the root (— 1)”. a or a (cos 0+\/—1sin @) 


will correspond to a line of length a@ and which is inclined at an angle @ to the line along which 
positive roots are measured; the conjugate root a (cos 0 ~4/—1sin @) will be a line similarly 
situated on the opposite side of the positive line. 

This is no new remark, but it has not, so far as I am aware, been followed into any of 
its consequences ; reflection upon it has led me to consider whether it might not be developed 
into a theory which should throw some light on the nature of Algebraic Equations, that is, whether 
it would not be possible so to represent geometrically the changes of value of a function of 
xv, as to throw light upon the existence of the roots of the equation f(«) = 0. 

With this view I have composed the following Memoir, and though IT am not aware of 
any practical step in the Theory of Equations which can result from my investigations, yet I 
think they tend to throw considerable light upon existing knowledge, and to give us as it were 
the rationale of some familiar theorems. 
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3. If we wish to represent the changes of value of f(a) taking into account only real values 
of x, the mode adopted would be to construct the curve defined by the equation 


but if we wish to give a general representation of the changes of the function, taking into 
account both real and imaginary values of 2, we must construct the locus of the equation 


Boao + gin? — 1), .. sctels. ncedd, Obs. dnelh Banieen pete 


where a y and x are to be considered as co-ordinates of a point in space as is usual. Now if 
we restrict ourselves to values of zx which are real, equation (2) will divide itself into two 
equations, which will be the equations of a curve of double curvature, and the points in which 
this curve meets the plane of vy will determine by their distances from the origin the roots 
of the equation f(x) = 0. 

I will observe here that f(«) will be considered throughout this paper (unless the contrary 
is stated) as the representation of the quantity 


OF DN Gr Ase ea tive <del b . guises estes 4 Dis 


WHEE! Pj Po... 0000000 . p, are real and either positive or negative. 


4. The two equations to which (2) corresponds may be expressed in several ways, which 
I shall here put down together. 

By direct expansion, equating real and imaginary parts, and dividing the second equation 
by y, we have 


2 =f (wv) =f" (wv) a +f (@) if — &e. | 


e ec ceneneee -.(3) 
” Fs ; y* 
92S 0) - fF AF 4, - be. \ 
If nm be even and = 2m, these equations become 
ts y" P1v y' Qn 
x=f(a)-f (x) Ee +f" () oer + (-—1)"y"" 
i : 8 ae (4): 
o=f (a) -f'"" (2) is + f* (2) Z ete ake + (- 1)" (@ma + p,) y™-? | 


‘and if m be odd and =2m-+1, they become 


z=f(#) -f" (2) = fy Orn ee (ye ad. + p,) y*™ / 


i eS os abhi che cy }. Ae ee (5). 


2 


o=f' («) - f’" (x) is + f* (2) E >. aes + (-1)"y"™ | 


The equations also admit of a very neat symbolical expression, thus*: 
p ; 


* The method which I have given of representing the locus O=f(e+yv—1. 
of the equation z=f(«) taking into account values of x not 


e 


A 


lying in the real plane, is applicable mutatis mutandis to curves | ee stor 

defined by an implicit relation between the co-ordinates. Thus, | i pike 

let the equation be | 4 } F 
; | = E ~ 3 =a 2) 
11 SDE ORS ERAS (A), = nd ge Desay saps =.) 


then putting for « «+yV-—1, this becomes which is equivalent to the two following, 
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f@+yV-1) 


WS 


=e “F(2); 


i} 


which equation divides itself into these two 


(cos v—). f(z) ] 


(sin w 7) F@) ) 


z 


-) 
ll 


If the symbols in these 
coincide. 
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(cos yo 4 \/ 21 sin y =) Sf (2), 


expressions be expanded it is evident that equations (3) and (6) will 


There is another mode of expressing the equations in question which will be found very 
useful in the sequel, and that is by polar co-ordinates. 


Put 


= pcos @, y = psin@, then 


z =f (pcos 0+ /—1 psin 8), 


which divides itself into two 


& 


FO) +f’ (0) p cos 8 + ~— 


f'(0) 


(cosy) f(a-2)=0 


(sin y fe - 2)=0 


the differentiation indicated being partial with respect to 2. 
Of course we might have treated z in equation (4) in the same 
manner as x, and this would have given the following 


(cos y 5) F(2-#)=0 


: d 
(siny 7) f2-)=0 | 


The equations (B) and (C) may be considered as the complete 
representation of the locus of (4). 


For example, suppose 


. a3 
f(x.z)=5+7-1, 
afi(z.2) 22 df (vz) _ 2% 
se eis ela a) dz a’ 
a f(x.z) 2 Pf (az) _ 2 | 
ida a dz#y 58?” | 


and equations (B) become 


l2 p cos204+... +° 
+ 


psin26+,., 


(0) 


p” cos no | 


f 


Jf 


ae 
‘(0 
Ean 


72 22 ¥y 
Fa | Sere (B’) 
vy = 
and equations (C) become 
a x 
att Be (Cc, 


and it will be seen that the systems (B’)(C"’) are equivalent to 
these three, 


eee | | tre Yes) 
az b2 ; h2 a? 
y =0 

Or the locus of the Gnainare equation of the ellipse, thus 
considered, comprehends an ellipse and two hyperbolas, the two 
hyperbolas setting offin planes perpendicular to that of the ellipse 
from the extremities of its axes. 

I would refer here to two papers in the Cambridge Mathema- 
tical Journal, by Mr. Walton, of Trinity College, (Vol. 11. p. 103 
and p. 155) in the first of which the complete representation of the 
curve corresponding to a given equation between two variables is 
considered, and in the second the real nature of a maximum or 
minimum as being in fact a multiple point is noticed. 
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or we may write these, 


2 =p, + P,-1 pcos 0 + p,_2p cos20 + ...... + pcos nd 


hea 


OS Pn-1 sin 0 ae Pn-» Pp sin 20 =f levlelelora oi pe sin 20 


5. I now proceed to discuss these equations, and shall consider first the equation of the 
projection of the curve on the plane of wy. 


This equation is in polar co-ordinates, 
p"1 sin 20 + p; p"* sin (m — 1)0 +...... + p,-1 SiN O = O....6..00000+0-(9)- 


To find the asymptotes, I observe that Pp will be infinite when sinz@ = 0, except for @ = 0 


: : : 2 n—1 
and @= 7; hence there will be infinite values of p for @ = = a acon: iat 
n n n 
Again, 
: oie. Der 
sin 20 + Pi sin (n-1)0+...... + oie sin 8 = 0; 
P 
? d 
“. mcos nO — sin (n — ie, 2 ~P _ 0 when p=, 
P- dé 


,d0 p, sin(m —1)6 
or, pe — = — ———" ;; 
dp n cos nO 


: cs 4 
And if we put @=-, k having any value from 1 up to —-1, 
n 


, dé . kr p, 
(Sa — sin —.—. 
dp nn 
Hence there will be an asymptote corresponding to each infinite value of p, and these will 
lie on the left of the corresponding infinite radius vectors looking from the pole. If however 
we suppose the given equation deprived of its second term, that is, if p, = 0, then the polar 
subtangent vanishes and the asymptotes pass through the origin and coincide with the radius 
vectors; and since this condition may always be fulfilled, I shall generally suppose that p, = 0, 
and then it may be stated that the projection of the imaginary branches of the curve on the 
plane of wy has m — 1 asymptotes, which pass through the origin, are equidistant from each other, 
and make the same angle with each other as the first of them makes with the axis of a. 


The symmetry of these infinite branches with respect to the origin when p, = 0 seems to me to 
point out a kind of geometrical explanation of the great simplicity introduced in the solution of 
equations by first depriving them of their second terms. 


: , Sasa 
6. To determine where p is a minimum, we have by differentiating (9) and putting sl 0, 


dé 
mp"—'cos nO + (nm — 1)p\p"~* cos (nm — 1)0 +... = Os czawoetnes 0)5 
which equation together with (9) will give the required values of p and @. Now if we make 
@ = 0, which satisfies (9), (10) becomes 
np"-' + (m— 1) pip" + «2-0. = 95 


or, tT (p) = 0, 


which (if v be written for p) is the equation for determining the maxima and minima of the real 
branch of the curve; hence p is a minimum for the projection of such points. Besides these 
there may be other minimum values of p lying between the different pairs of asymptotes. 


Worn, WIND lean TOE Yy 
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7. Corresponding to the asymptotes of the curve in the plane of wy there will be infinite 
branches in space, and it is easy to shew that these go off alternately to positive and negative 


kw F 
infinity. For from equations (8) we have, when @ = me and p is consequently very large, 


# = p" cos ka = (— 1)*p"; 


therefore for odd values of & the limiting form of the curve is given by 


oe es 


which represents a parabolic branch going off to negative infinity for positive values of p> and 
vice versa if m is odd, and going off to negative infinity on both sides of the origin if m is even. 
And for even values of & the form is given by 


Sas 
which represents a branch going off to positive infinity for positive values of p> and negative 
infinity for negative values of p if 2 be odd, and to positive infinity in both cases if m is even. 


This proposition it is easily seen includes the real branch of the curve, and hence if we 
indicate by the mark + or — on an asymptote that the corresponding branch of the curve goes off 
to positive or negative infinity respectively, the arrangement of the infinite branches will be 
represented by the accompanying diagram. 


n odd. nm even. 


8. I shall next prove the following theorem : 


At points in the real branch of the curve for which the first p differential coefficients of f(w) 
vanish, there are p imaginary branches going off on each side of the real plane or plane of wz, 


and these are curved alternately in opposite senses, the one nearest the real branch being curved 
in the opposite sense to that real branch. 


Suppose the origin of co-ordinates such that the axis of x passes through the point in question, 
which may be done without in any way affecting the generality of the proof, then we shall have 


f ©) =0, %(0) 50.2... 7") =0, 


and the equations (7) become 
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fRFP MW) 
= (0 ET 
z= f(0) + perl p?* "cos (p + 1)0 + «2.0. 
TO )in, = 
0o= 
[p+ posin (p+ 1G eo... 


The form of the curve very near the point in question will be given by taking only the terms 
of the series above set down, and therefore we shall have 


sin (p + 1)0=0, 
(p+ 1)0=k7r; 


T Qa 3a pr 


Spee pt+l° p+i ee eee 
omitting the values 0 and p +1 of & which correspond to the real branch. Hence there are P 
imaginary branches going off from this point; and to determine the nature of the curvature 
we have 


ep Se—o7fi(0) 7 cos kar. p?* 


es 


f?*(0) Ay 
= f(0) +(-1)' jpti?- 


The second term will be alternately positive and negative as k assumes successive value 
and when it is further observed that the equation of the real branch is given by putting k =) 
the whole of the theorem will be seen to be true. 


In the case of simple maxima and minima, for which f'(@) = 0 and f’(#) does not vanisl 
this proposition admits of more simple and obvious proof; for we have from equations (3), 


x = f(z) “FOG + ccccee 


y 
jar" wcccece 


0 =f (#) -f'"(#) 


and it is clear from these equations that when y = 0 f(x) = 0, that is, where there is a maximum 
or minimum there is an imaginary branch; it is also evident that the imaginary branches can 
never cross the real plane except at points for which f () = 0, that is, either at maximum or 
minimum points or points of inflexion: this last is an important consideration, because it shews 
that, in tracing the general form of a curve, after having traced the real branch and those imaginary 
branches which start from points at which f’(#) = 0 we may be quite sure that all the remainder 
of the curve lies in isolated infinite branches situated symmetrically with respect to the real plane. 

If we suppose as before the axis of x to pass through the maximum or minimum point, 


we have, < 
OR ROLe 


which shews that the form of the imaginary branch is that of a parabola curved in the opposite 
sense to the real branch, or we may say that when there is a maximum in the real branch there 


is a minimum in the imaginary, and vice versa. 


nO 


WY; 
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It would not be difficult from this particular case in which only the first differential coefficient 
vanishes, to derive the other more general proposition in which the first and any number of 
subsequent differential coefficients vanish; at least we could conclude the existence of imaginary 
branches curved in opposite senses though perhaps not their directions. For we may consider a 
point for which f(x) f’(v)......f’(w) each = 0, as the case of p successive maxima and minima 
degenerating into one point, and since these maxima and minima must necessarily occur alternately 
there will be p imaginary branches curved alternately in opposite senses. 


9. Let us now examine whether the ordinate x admits of any maximum or minimum values 
besides those which it has in the real branch of the curve. 
The general equation of the curve is 
z= f(pev>), 
and the equation for finding the maxima and minima is 
Sf’ (p=!) = 0, 
which is equivalent to these two 
n—1 


f' (0) +f” (0) p cos 0 se Onprnes Paha pes Ones cos (n — 1) 0 = 0, 


f’ (0) sin @ + £'Os sin 20 + ...... + f"(0) Re ain (n -1)0=0; 


2 [Baa 


and we have also the condition of x being real, which is, 


f (0) sin @ *F'OG sin! 2:0" So e.ee + POT, sin n@ = 0: 


or these may be written 
Pn—-1 + 2Pn-2p COSO + ...... + mp‘ cos(n — 1)9=0 
2D,=9 Sin’ 0+ .isscctt p's Sin (7 — VIO — Oye. eee (1): 
Pr-1 Sin 0 + p,-z p sin 20 + ...... + p”' sin nO = 0 


These three equations involving only two unknown quantities cannot be generally satisfied ; I 
have not been able to shew directly that they never can be satisfied, though it seems possible that 
such may be the case; I can however give a complete solution of the question so far as the 
purpose of this memoir is concerned by proving that a maximum or minimum point is never 
unaccompanied by a branch curved in the opposite sense, in fact, by extending to all branches of 
the curve the proposition which has been proved above for the real branch. 


10. The proof is as follows : 
We have in general 


x=f(wtyV-1) 
P+Qv\/-=1, suppose, 


(cos y €) 700), 


where P 


Q= (sin y=) fle), 


OF THE ROOTS OF ALGEBRAIC EQUATIONS, 


349 


dP : : : 
Now it will be easily seen, that if =e represent the partial differential coefficients of P 
wv 


with respect to x, then 


d 
oe = (cosy) #'Ce)s 
v@ é 
in like manner, 
d 
a aS 
adP dQ 
=> . ee ee sea t2)s 
du dy 
and similarly it may be shewn* that 
sr ET EEE 
dy da 
In order that dx may vanish when @ and y vary, we must have 
dP dP 
Pj da se dy oy = 0, 
dQ, dQ, 
as Cut a oy = 
ane : dP dQ : : : 
Multiplying these equations by Fi and dy? and adding, we have, observing the relations 
y 
(12) (13), 
dP\? /dQ\? 
22) + 8) x 
dy dy 
dP 
SS ga = 0. 
dy dy 
Hence also, ous = 0 ae = 0. 
da dx 


If the values of w and y which satisfy these equations also satisfy the equation Q = 0, this 
will indicate a singular point in the curve, and we must determine the nature of this point: to do 


this we have for the increment of x, supposing the 


FP dP 
253 = —da? Q 
we me * dady 


terms of the first order to vanish, 


Je 
a eaetce Ser Bee Se 
dy oY (14) 


: : : : 4 Pt: ses : - 
(there is no term involving é°y because its coefficient would be a which in this case vanishes) ; 
y 


* The roots of the equation f(«)=0 may be considered as 
determined by the intersections of the curves P=0 and Q=0. 
These curves have the property of intersecting each other at 
right angles; for the equations of the tangents to the two curves at 
a common point (2, y) are 


dP dP 
ca —*) ge t (n-NG=% 


d d 
(2-2) S84 (n—v) FE =0, 


: - dP d 

which in virtue of the relations — = EG a 
dz dy 

present two lines perpendicular to each other, 


dP dQ 
dy = as 
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and we have also the relation, 


oO ba" eee 


#Q 
dudy é 


= 2020 
wy tie 


Uf scciecs sosoneecte salen). 


d 
Now we have P= (cos y —| F@s 


> — (cos. y =) ) a7 (am =) £@); 
— (cos y - \r )s nae y=) F(a); ae (cos v=) Ft’ (@); 
also Q= (sin y =| fi(@)3 
Ba (any Z) p@), = (conv) FO, 


£2 | (ing 2) free, 22-2 (eng, ee 


d 
Hence, if we call the values assumed by (sin y =) tf’ (@) and (cos y —) Sf’ («) at the point 
\ x 
under consideration A and B respectively, (14) and (15) may be written thus: 


20s = Bda? — 24 da dy — BOY. .......2..--00e000e8+ (16), 


0 = Ada? + 2Bdady — AbY? ....0.00c0ccecveseee (17). 
Let da = 6s cos @, dy =os sin ®, then 
Oz : 
2 ~=Bcs2g@-A sin2 @, 
és 
0=Acos2p+Bsin2; 
2 
orgs? ae (ONES (OG)! cbaeseccoccn soc sen= (UE) 
s 
O= Sin (2 P+Q) ....0---2 eee eeeree eee (19), 


by putting 4 = B tan a. 


Equation (19) determines two values for 2@ + a, and one of these will make 6?z positive, the 
other negative; hence at the point in question there will be two branches curved in opposite senses, 
one will be a minimum, the other a maximum. 

I have proved this proposition for simplicity’s sake in the case of a double point, but the same 
mode of investigation may be applied to that in which the increments of = all vanish up to any 
given order ; this I proceed to do. 

It is not difficult to see that if the coefficients of the powers of d# and dy in the increments 


OR MOAB aoe 6”~1z all vanish, then the value of 6"% may be written thus, 
d ane 
Laer: Se = (30 = 3 } Piss Sees 20 
is dx pipe, dy (20); 
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with the condition, 


d m 
a (3a 5 ae OY =) QU Bata (als 
And it will easily appear that 


d" P a”'P Z d ed a" P 7 ANNaepet 
iWeb (cos y y Pp a) f"(@), da" dy =—- (sin y =) f” (2); da” —*dy =- (cos y 7a) if =i(a)e: 
d"Q ss d"Q ? d"Q , d . 
ay (sin y A) f" (2), da”="dy ~ (cos ee =) f” (2); da™=*dy ~ (sin y aa) ff (2).. 


d d 
Therefore calling the values assumed by sin (y =) f” (v) and cos (v =) f™ (x) at the point 


in question 4 and B respectively, equations (20) (21) may be written, 


a -1 
iho eae mo"z = Bda" —mAdz"" dy - — YD Boa"-* by? + &e. 
a < ~ m(m— 1 
0 = Ada" + mBoa" ey - ( at ) Ada"*by’ — &e. 


Let dv =0s cos d, dy = 0s sin @, 


Smee ek sibs moss B (cos @ - sa cos"~* @ sin® @ + oa) — A (m cos"~'@ sin @ — ...) 
s ; 
-1 
0 =4 (cos" = a cos™~* @ sin’ @ + re + B (mcos"~'@ sin @ — ...) 


mn 
»~ 


On 1H2) nm = = Bcosm@ — A sinm@, 
s 


0 =Acosmp + Bsin mg, 


and lastly these expressions may be put under the form 
3» 
1.2 .0....m —— 3 C cos (mM P + @) .esseeeesees (22); 
s 
0 = sin (m@ + a) .....-000--- (23). 


The last equation gives us 
mp+a=Kkn, 


where k& may have any one of the values 0, 1, 2...(m—1); hence there will be m branches ; 
also the sign of 6"x depends upon that of cos kz, or of (- 1)*, and will therefore be alternately 
positive and negative; hence the m branches will be curved alternately in opposite senses. 

Hence, therefore, if values of 2 and y can be found which will make ox =O and Q=0, there 
will not be a maximum or minimum point properly speaking, but a multiple point in which 
two or more branches of the curve meet, and these branches being, as has been proved, curved 
in opposite senses, there cannot be an absolute maximum or minimum, that is, a maximum for every 
branch or a minimum for every branch. 


11. This proposition completes the theory of the roots of the equation f(x) =0; for it 
has been shewn that the curve of double curvature corresponding to the equation = f(«) admits 
of no maxima or minima, and that it consists of » branches going off alternately to positive and 
negative infinity, hence the plane of wy or any plane parallel to it must necessarily cut the curve in 
m points, and the distances of these points from the origin will be the m roots of the equation. 
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It may be observed that the preceding investigation applies to multiple points in the 
real plane by making 4 = 0. 


12. A less general application of what has preceded presents itself in the case of an equation 
of an even degree having its last term positive: in this case it is well known that there is some 
difficulty in proving the existence of a root. But I observe that if x = f(w), where f(w) is of 
even dimensions, x has necessarily a minimum value, and from the minimum point an imaginary 
branch starts off on each side of the real plane, which will stretch out to negative infinity and 
therefore cut the plane of wy in two points which will correspond to imaginary roots. Hence 
we see as it were the rationale of such an equation having at least two roots, for f(w) must admit 
of a minimum, and if this be negative the curve cuts the axis of a twice, if positive imaginary 
branches go off from the minimum and these take us down to the plane of wy. 


13. The roots which are thus determined by the intersection with the plane of wy of 
imaginary branches starting from points of the real curve for which f’(«) = 0 are so related to the 
real roots, that it has seemed to me to be desirable to denote them by a distinct name; I therefore, 
for want of a better name, call such roots connected roots, and those which are determined by the 
intersection with the plane of wy of other infinite branches which, as I have shewn, never cross the 
real plane, I call isolated roots. Thus I should say of an equation of even dimensions, that it must 
have two roots either real or connected. 


14. But more generally we may distribute the m roots of an equation into real connected 
and isolated roots. For suppose the real branch of the curve traced, and suppose that it has p 
points for which f’(w~) = 0 and f”(«) does not vanish, then it is easy to see from what has been 
said that there will be p +1 roots either real or connected; from the p maxima and minima there 
go off 2p infinite branches which occupy 2p out of the 2” — 2 asymptotes*, leaving 2m — 2p —2 
asymptotes ; between each pair of asymptotes there is an infinite branch which cutting the 
plane of wy gives a root, therefore there are m — p — 1 isolated roots; and thus we make up the 
whole number of roots 2. I will just observe that 2 — p —1 is obviously even, because if m is 
even p is necessarily odd, and vice versa. The same proposition may be extended to the case in 
which other derived functions besides f’(v) vanish at any point, by the reasoning used in Art. (8): 
for we may consider such a point to be the degeneration of a number of contiguous maxima and 
minima, for each of which the proposition is true. It may therefore be stated generally, that if 
there are p real values of a, whether all unequal or not, which make f’(#) vanish, then the 
equation f(v) = 0 has p + 1 roots either real or connected. 


15. It may be observed, that a pair of connected roots may be changed into a pair of real 
ones by altering the position of the plane of ay, or speaking algebraically by changing the value 
of the last term of the equation; and this fact points out the propriety of distinguishing between 
connected and isolated roots, which latter are necessarily imaginary wherever the plane of wy cuts 
the axis of x, since they are determined by the intersection of that plane with branches of the 
curve, which, as we have seen, never cross the real plane. 


16. The number of real and connected roots evidently depends upon the number of real 
roots of the equation f(x) = 0, and (as has been already in fact proved) if the number of real 
roots of this derived equation be p, then the number of real and connected roots of the original 
equation will be p +1; consequently the number of isolated roots of the original equation is equal 
to the number of imaginary roots of the derived, 


* In Art. (5) Ihave spoken of n—1 asymptotes, here of 2x2; | asymptote, here for convenience I have considered the same line as 
the difference consists merely in this, that in the former case I have | ‘wo stretching out to infinity on opposite sides of the origin. 
considered the indefinite straight line through the origin as one ! 
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17. Hence also we see the truth of a theorem, of which I shall presently make use, namely, 
that an equation has at least as many imaginary roots as any one of its derivatives; for the equation 
f(z) = 0 has as many isolated roots as there are imaginary roots in f'(z) = 0, and therefore has at 
least as many imaginary roots; f'(7) = 0 has in like manner at least as many imaginary roots as 
f"(v) = 0, and so on: whence the truth of the proposition is clear. 

18. If the plane of wy should happen to pass through a real maximum or minimum, which 
is as we have seen properly speaking a multiple point, there will be several equal roots. The 
condition of equal roots will be therefore that the plane of wy shall pass through a point for which 
one or more of the differential coefficients of f(~) vanish, or which is the same thing, that f(#) = 0 
and f’ (x) = 0 shall have one or more roots in common; which as is well known is the test of equal 
roots. Or we may shew directly that at a point for which there are m equal roots there are m 
branches curved in opposite senses; for let w = 0 for simplicity’s sake be the root which occurs m 
times, then 


F(a) = a [py + Pair @ + vores aN chad 
and the equations to the curve will be 
= = Dip” cos MG + <7...- = 
0=p,sinm®@ + ...... 5 
therefore near the origin, sin m@ = 0, 


“. m@=kaw where k may =0, 1...(m — 1), 
and x =p,p"cos kr 
= (— 1)"p,p"; 
therefore there will be m branches curved in alternately opposite senses. 


19. It will be seen, that a pair of equal real roots in the equation f’(0) implies a pair of 
imaginary roots in the equation f(~) = 0, since f”(«) will also vanish for the same value of x 
as that which makes f'(w) = 0. And generally, if « be even, r equal roots of the equation 
f (x) = 0 imply r imaginary roots in the equation f(v) = 0; if r be odd, there will be r + 1 or 
x —1 imaginary roots according as f(w) and f"*'(#), which is the first derived function which 
does not vanish, have the same or different signs. 

This theorem requires no demonstration, as its truth will be seen at once on examination. 
By means of it I am able to prove the ordinary proposition relative to the number of imaginary 
. roots belonging to an equation defective in any of its terms; the proof is as follows : 

Suppose, 
ACA = Dart Maa + capes + Mat + Nohtrt +... + x", 


where v terms are wanting between the terms Ma“ and Na**"*'; 
differentiating « times, we have 

Fi (@) =4(e=—1) .. 2-1 M + (utvt1) (uty)... ~ +2) Na’* + ...... 

+n2(n—1)...(m —ywt+1)a°*; 
differentiating again, 
fe(a) =(utv41)-(at+yv)...(v+ 1) Na" + ...... +n.(n—1)...(m —p)a"-*—". 
Hence the equation 
ifE=(@)i— 0 

has vy roots equal to 0, and therefore the equation f*(#@) = 0 has » imaginary roots if » be even, 


and if v be odd, it has y + 1 or y—1, according as f*(0) and f**”*'(0) have the same or opposite 
signs, that is, according as M and N have the same or opposite signs. But, by a theorem cited 


Vor Vill. Parr TIL. Zz 
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and proved in Art. (17), f(#) = 0 has at least as many imaginary roots as any one of its derived 
equations; hence it will have at least » imaginary roots if v be even, and at least » +1 or v — 1, 
according as M and N have the same or opposite signs, if » be odd. 


20. I will now illustrate what precedes by discussing some actual cases and tracing the 
corresponding curves. 


Let the equation be a quadratic, that is, let 


f (a) =a? —av+b=0........000. HOOOLOOOO So0050 (CE). 
f (#@) =2e-a4, 
f’ (a) =2, 
and the equations of the curve of double curvature are 
a ee ae Sasi De (25), 
0=24-a4 


if we eliminate # by means of the second of these equations, we have 


a . 
BO evi 


a 
w=-. 
2 


Hence the complete locus of the equation z =f («) will be in this case two parabolas in planes 
perpendicular to each other, with their vertices coincident and their curvatures in opposite senses : 


the height of the vertex above the plane of vy will be b — = , if this be positive the roots of the 


given equation are imaginary, if negative they are real, because in the former case the plane of wy 
cuts the imaginary branch, in the latter the real. We see in this simple instance what has already 
been proved generally, namely, that * does not admit of a maximum or minimum value properly 


speaking, because at the minimum point an imaginary branch goes off along which =~ still 
decreases. 


The figure represents the curve corresponding to a quadratic equation, 
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2 


@ > - as 
AB = — BC = b)— ae which in the figure is supposed positive: X, CX, is the imaginary 


wo, & 


branch cutting the plane of wy in X, and X,, so that 4X), 4X, are the roots of the equation. 


I may observe, that the mode of viewing the subject which is explained in this paper, though 
rather complicated when considered generally, is of very easy application in the case of a quadratic ; 
for the ordinary solution gives us the roots 


cG= 


a a a 
aed oe i an 
B ri , if b be less than he 


2 


a — a 
and w=—-tV/-1 /o-%, if b be greater than =: 


a ate 
Now wv ae corresponds to the minimum value of «* — aw + 6, and therefore the usual mode of 


interpreting the symbol \/-1 would lead us to consider the preceding expressions as the distance 
of the minimum point from the origin + a distance measured along the axis of # or perpendicular 


2 


to it, according as b is less or greater than = - 


21. Let us take the case of a cubic, which I shall suppose to be deprived of its second term 
for reasons heretofore assigned. We have then 


iM) = 0 9 Utah Oseneaapehersrapsrerservecessess (20). 
f' (a) = $a - 4, 
Sf” (a) = 6a, 
f'" (0) =6. 
Hence the equations of the curve will be 


~ 
+ 


vw —qu+r— sey’ 
0=8a -q-y’ 


The curve will assume different forms according to the nature of the parameters q and r. 
Let us consider the real branch of the curve ; then the condition dx = 0 gives us 


9g 
3a°—q=0, or v= J4; 


hence in order that there may be a maximum or minimum point q must be positive ; suppose this 
to be the case, then there will be one maximum and one minimum, and for the value of * we 


have 


I shall suppose r to be positive, and regs that both values of x may be positive. 


zl 


The curve in the plane of wy is evidently an hyperbola, the asymptotes to which are inclined 
at an angle of 60° to the axis of x, and in the case here supposed of g being positive the real 
principal axis will be the axis of w. 

DAVE 
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These indications are sufficient to shew the whole course of the curve which is represented 
in the annexed figure : 


P,, P., are respectively the minimum and maximum point; the real branch of the curve 
necessarily cuts the axis of x to the left of the origin; from the minimum point P, goes off an 
imaginary branch which meets the plane of wy in X,, X,, thus giving two imaginary roots. [ft will 
be remembered that the conventions which have been made are that q shall be positive, 7 positive, 


a P - . . . . . 
and — > L. it will be easily seen that the form of the curve will remain essentially the same 
4 7 
so long as the first condition is fulfilled, and the changes introduced by varying the latter conditions 
may be represented by supposing the plane of wy shifted into different positions. Suppose for 


instance the plane of wy to cut the real branch between P, and D (the point of intersection of the 
3 


; : aoe we r : 
curve with the axis of z); this will correspond to 7 positive, and =< f, then there are three 


a 


real roots, two positive and one negative; if the plane of ay cuts the real branch between 


2 


a 


; 7 q nae 
D and P., we have the case of 7 negative, and — < T and there are one positive and two 
2 5 ? A 97” 


negative roots; lastly, if the plane of wy cuts the real branch above P., we have the case of 7 


oa 3 


s ? = . . . . . 
negative, and 7 > a and we have one positive real root and two imaginary. I may just observe 


that all the imaginary roots here spoken of are of the class which I have termed connected. 


If we suppose q negative we have an entirely different form of curve, for in this case the real 
branch has no maximum or minimum point, and therefore it is clear that one of the roots will be 
real and the other two isolated and imaginary. Also the real principal axis of the hyperbola in the 
plane of wy will be the axis of y, and not the axis of « as in the preceding instance. It is not 
necessary to trace the curve, as its form is easy to imagine and it presents no varieties. 


The preceding discussion includes every case of cubic equations. 


22, We may discuss in like manner the general biquadratic equation. In this case, 


f(@) =a 4+ qa +rev+5=0...... Raietcteivla stevenson (2S) 


f() 


40° 4+ 2qu +7, 
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f (@) = 12a" + 2q, 
f'(2) 
Sf" (a) = 24; 


and the two equations to the curve are therefore, 


242, 


iH 


s=ai+qv’+rat+s—y (6a + q)+y' | 


40° 4+ 2qu4+r—Ay'a 


iH 


Now the sign of s need not be considered, since (as has been observed before) a change in its 
sign will only correspond to a change in position of the plane of wy, the figure of the curve 
remaining the same; the combinations of sign of g and r will be as under, 


and these different cases must be considered. 


The equation for determining the maxima and minima of the real branch of the curve is. 


r 
pie meee 0, 
2 4 


~ 


which has one real root if q is positive, and if q is negative it has one or three, according as 
2 


 . gq 
— is > or < than —. 
27 al 
First then, let q be positive and let also 7 be i 
positive, then it will be found that the curve will ~ 


be such as is represented in the annexed figure. 
.P is the minimum point of the real branch; the 
dotted lines represent the imaginary branches, which 
cut the plane of wy in the points X,, X., and in two 
other similarly situated points on the other side of 
the plane of wx which are not represented for fear 
of complicating the figure. 


If r be negative, the figure will be essentially 
the same, but must be supposed to revolve through 
two right angles about the axis of x. 


a : _ 3 
Secondly, let q be negative; then if = be >i, 
~t 

there will be no difference in the figure but this, gy 


that the curve of projection on the plane of wy 
will lie nearer to the axis of x than the asymptotes, instead of lying further away, as in the 
last case. ; : 
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x 


2 3 


02 


But if a be < q, the form of the 
8 27 

curve will be essentially different, and 
will be as in the annexed figure. If we 
suppose the figure to correspond to the 
case of 7 positive, then the figure for r 
negative will be found as before by sup- 
posing everything turned through two right 


angles about the axis of x. 


23. ‘The curve corresponding to the equation #” — 1 = 0 is easily traced, and furnishes a good 
illustration of what precedes. I shall trace this curve with polar co-ordinates. 


We have, # = p" (cos nO + /— 1 sin UO) —lisectsistsar sesiiactesia(OO)s 
which divides itself into the two equations, 
ee ey ath Sa ee ae ea (31) ; 
O=  sinn@ 
from the latter of these n0=kaw where k =0, 1, 2...... (nm — 1)3 


~~ f= (- 1)“p" — 1. 
Hence the complete curve will consist of a series of parabolic curves defined by the equations 
x =p"—1 and x= -—p"-1 alternately, and lying in planes 


1Z 
passing through the axis of x and making with each other an 


1 TR 
angle —. 
ee 

The figure represents the curve; Oak Oa aeeee are the 
branches stretching up to positive infinity, Oa. Oa, ...... 
those to negative infinity: the plane of ay intersects the 


former set of branches but not the latter, and gives for the 
MOOUSHPAAGs) AUXKG lanes: 


If we suppose the plane of wy to intersect the branches 
(Okey OC WP abeeo we should have the case of the equation 


a +1i=0; 


and if the plane were to pass through O, we should have the 


curve corresponding to w" = 0, in which case the roots would 
be all equal to 0. 
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24. The investigations of this paper have been restricted to ordinary algebraic equations, 
nevertheless some of the results are of a more general character and need not be so restricted. The 
proposition contained in Art. (8) is, I believe, perfectly general, as also is the proposition of 
Art. (10) which is an extension of the former. In fact the theorems about maxima and 
minima will be true for all such points as do not involve a failure of Taylor's Theorem, which 
never occurs in the case of a rational algebraical function. The propositions concerning the number 
and position of infinite branches are of course applicable only to algebraic equations. I will just 
notice one instance of an equation not algebraic: suppose 


WA es SUD OS a wie sh as wwapasn enced xo abi (32), 


then x 


av 


d\ 
(cos y al sin x 


Il 

z. 

Ss 

8 
——, 

+ 
fol. 

+ 
=| 7 

+ 
a 


and 0= (sin y cy sini 
dx) s a 
| y? y 

= cos v Y ae 


= "cos w fev S6r8 bic es ccxasives ovases (34). 


In equation (34) the variables w and y are entirely separated ; the factor eY — e~Y when equated 
to zero gives, as will easily be seen, only one real value of y, namely y = 0; this corresponds to the 
real plane, and if we make y=0 in (33), that equation becomes 


e s=sin 2, 
and we have the ordinary figure of sines in the real plane. 


If we consider the factor cos w in (34), we have an infinite number of real roots for the equation 

7 3a 5a 

namely vw = +—, + —, + — 
2 2 


~ 


, &c., and substituting these in (33), that equation becomes 


ev + E79 


z=ot > 
9 


which shews that from the maximum and minimum points of the real branch of the curve imaginary 
branches set off in planes at right angles to the real plane, which are in fact common catenaries, the 
directrices of which are in the plane of wy, and which go off alternately to positive and negative 
infinity. 

25. In concluding this paper I will observe that I am not sufficiently well acquainted with the 
literature of the subject to be certain as to how far the idea of it has been anticipated. I will 
observe, however, that in the late Mr. Murphy’s T'reatise on the Theory of Equations, (published 
under the direction of the Society for the Diffusion of Useful Knowledge,) the existence of the roots 
of Algebraic Equations is demonstrated upon principles similar to those which I have adopted ; it 
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is there proved, first, that after a rational function of » dimensions has attained a minimum value 
corresponding to a real value of a, it is possible to diminish the function still further by assigning 
to an increment of the form h + k»/— 1, and then it is shewn that by assigning to » a value of 
like form, it is possible to give to a rational function of a of even dimensions a series of 
continually increasing or diminishing values, which propositions are akin to, but far less general 
than, those which I have proved in Arts. (8) and (10). Nevertheless the mode of viewing the 
subject is the same as that which I have adopted, and indeed suggested to me the possibility 
of illustrating the theory of equations by reference to the curve of double curvature, which represents 
the succession of real values of a function of # corresponding to values of the form # + yn Sale 
apart from which geometrical illustration, the theory of the roots of equations which depends upon 
the demonstrated impossibility of a maximum or minimum value of f(#), when the values of w are of 


the form # + y wae appears to me to be more luminous than any other which I have seen. 


H. GOODWIN. 


XXVI. On a Change in the State of an Eye affected with a Mal-formation. 
By G. B. Airy, Esq., Astronomer Royal. 


[Read May 25, 1846.] 


Twenty years ago, I had the honour of submitting to this Society a statement of the effects of 
a mal-formation in my own left eye. The nature of the effect was this: that the rays of light 
coming from a luminous point and falling upon the whole surface of the pupil do not converge 
to a point at any position within the eye, but converge in such a manner as to pass through 
two lines at right angles to each other, (a geometrical phenomenon, to which the term astigmatism 
was very happily affixed by the present Master of Trinity College), and that these lines, in the 
ordinary position of the head, are both inclined to the vertical in the manner described in my 
paper (Cambridge Philosophical Transactions, Vol. 11.) The evidence of this astigmatism, and 
the measure of it, are given by the simple observation of bringing the luminous point nearer 
and nearer to the eye; the lines of focal convergence, according to the usual rules of focal 
position, move in the same direction in the interior of the eye; and thus one line and the other 
line are successively brought upon the retina; or the image of the point becomes successively 
a line in one direction or in the other direction, these directions being at right angles to each 
other. It was found in 1825 that the distances at which the luminous point must be placed to give 
linear images were 3°5 and 6°0 inches; and the difference of the reciprocals of these numbers, or 
0'119, is a proper measure of the astigmatism. The fault of the eye was corrected, as regards 
the production of distinct vision, by the use of a lens of which one surface was spherically 
concave, and the other surface cylindrically concave, and the radius of the cylindrical surface 
was such as to give a power 0°119, or, in combination with a plane surface, to give a focal length 
1 3 é wes ai— 

—— inch, or it was in inches F 
0-119 0-119 

Some years since, I found, from some unrecorded observations, that the general short-sighted- 
ness of the eye had sensibly altered, but that the measure of astigmatism remained nearly the same 
as at first. 

Lately, having found that the spectacles constructed for me in 1825 do not very well suit the 
present condition of the eye, I have made observations in precisely the same manner as in 1825, by 
viewing a very fine hole pricked in a card, and causing that card to slide upon a scale whose end 
rests upon the orbital bone of the eye, and measuring the distances at which the card is placed when 
the point appears as a line. I have been careful to hold the body and head in the same general 
position as before: the accuracy of the measures being sensibly affected by these circumstances. 

As far as I can remember, the indication of the focal lines to the horizon, their length, and their 
sharpness, are not in the smallest degree changed. But the distances of the luminous point which 
produce them are sensibly changed. They were formerly 3°5 and 6:0 inches: they are now 47 and 
8-9 inches. The eye therefore has become generally less short-sighted than it was formerly. 

But the measure of the astigmatism, which was formerly 


1 1 : 1 1 
— -—- — = 0119, Is now — — — = 0°100. 
3:5 6:0 a 8°9 


Vout. VIII. Paxr ITT. SA 


~“ 
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On examining the slightly; discordant observations, I am inclined to think that a distance somewhat 
less than 4'7 is the true$one, and this would increase the measure of astigmatism above 0-100, and 
would make it approach more nearly to the ancient value. It seems therefore that while the short- 
sightedness of the eye has materially diminished, the fault which produces the astigmatism has 
undergone very little or no alteration. 

Upon examining the right eye in the same manner, I find no perceptible fault. The image of 
a fine hole is a luminous point very sharply defined. The distance of accurate definition is as nearly 
as possible 4°7 inches, the same as the nearest distance at which the left eye forms a well defined line 
for the image of a point. It would seem therefore that the normal formation of the two eyes is the 
same, and that the abnormal alteration in the left eye is of the nature of a refraction through a dense 


medium cylindrically concave, or through a rare medium cylindrically convex, superadded to the 
normal refraction. 


Gr BAIR: 


Royal Observatory, Greenwich, 
January 14, 1846. 


XXVII. A Theory of Luminous Rays on the Hypothesis of Undulations. By the 
Rev. J. Cuauis, M.A., Plumian Professor of Astronomy and Experimental 
Philosophy in the University of Cambridge. 


[Read May 11, 1846.] 


Ir a beam of Sun-light pass through a narrow aperture, about one-thirtieth of an inch in breadth 
and be received on a glass prism the edges of which are parallel to the borders of the aperture, 
a spectrum is formed by the transmitted light, which, when magnified and properly looked at, 
exhibits, as is well known, a large number of dark lines parallel to the refracting edge of the 
prism. If instead of passing through an aperture with parallel borders, the light passed through 
a circular aperture, one-thirticth of an inch in diameter, a spectrum of diminished width would 
be seen, but of the same length as before and crossed by the same dark lines. The trans- 
mission through the prism has produced no change on the light: it has only brought into view 
the parts of which the incident beam is composed Taking, for instance, a portion of light 
immediately contiguous to any one of the dark lines, the prism informs us that the incident 
beam contains light of that particular refrangibility, abruptly terminated in a plane passing through 
the axis of the beam perpendicular to the edge of the prism. The existence of this abrupt ter- 
mination is owing to the cause, whatever it may be, which produces the dark line, and has nothing 
whatever to do with the transmission of the light through a small aperture. Let now the prism 
be turned about the axis of the beam to any other position. The spectrum will present exactly 
the same appearance as before, and light of the same refrangibility (not necessarily the same light) 
as in the former case, will still be bounded by a dark line. And so for every position the prism 
be made to take by being turned about the axis of the incident beam. ‘This experiment proves 
that every beam of white light contains portions of light of a definite refrangibility, the sides 
of which are turned in all directions from the axis of the beam. This fact is at once explained 
by supposing light to consist of rays; and it does not appear possible to give any other explanation 
of it. Although the experimental evidence applies immediately only to the portions of light con- 
tiguous to dark lines, yet a very strong presumption is afforded by it that all light is in the 
form of rays. The existence of the dark lines themselves is most simply accounted for by 
supposing that certain rays of Sun-light are in some manner extinguished. 

Admitting it to be a legitimate deduction from the facts of the Solar Spectrum, that light is 
composed of rays, it is clear ‘that no Theory of Light can be complete which does not take account 
of this distinctive character. The facts are perfectly consistent with the Theory of Emission, 
and the advocates of that theory might justly appeal to them as evidence in its favour. My 
object in this communication will be to shew that rays of light are also to be accounted for 
on the Undulatory Theory. 

It must here be premised that it is not my intention to treat the Undulatory Theory, as 
most optical writers of the present day have done, by a particular consideration of the molecular 
constitution of the ether. Not having been able to form the slightest conception how this view of 
Undulations can be reconciled with the existence of rays of light, I propose to regard the zther as a 
continuous fluid substance, such that small increments of its pressure are proportional to small 
increments of density, and to apply to it the usual hydrodynamical equations. |The pressure 

Sa 
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being p and density p at the time ¢ at any point whose co-ordinates are wv, y, 2, it will be 
assumed that p=a*p, a” being a certain constant. 

In a former communication which I made to this Society, I gave the proof of a new fun- 
damental equation in Hydrodynamics, by the combination of which with the ordinary equation 
of continuity, an equation results which is indispensable in the present investigation. The process 
for deducing this last equation is given in the Cambridge Philosophical Transactions, (Vol. vu. 
Part 111. pp. 385 and 386): it is also obtained (p. 387) by independent elementary considerations. 
Let V be the velocity and p the density at any time ¢, at a point where the principal radii 
of curvature of the surface cutting the directions of motion at right angles are R and R’, and 
let ds be the increment of a line coincident with the directions at the time ¢ of the motions of 
the particles through which it passes. Then the resulting equation I speak of is, 


the variation with respect to space being from point to point along the line s. Now the new 
fundamental equation above mentioned, combined with the two other fundamental equations, gives 
the means of obtaining a resulting equation, in which the variables are yy, 2, y, % and f¢, the 
principal variable y, being such a function of the others that y= 0 is the equation of a surface 
normal to the directions of motion, in whatever way the motion of the fluid may have originated. 
It follows that the function y, since it is given by a partial differential equation, contains arbitrary 
functions of x, y, x and ¢, and that the normal surface is consequently arbitrary. The partial 
differential equations applicable to the Undulatory Theory of Light are linear with constant 
coefficients. For our present purpose, we have to enquire how far W is arbitrary when the 
equations are of this nature: whether, for instance, the normal surface must necessarily be either 
a plane or a spherical surface. ‘The general equation which gives y by integration is too com- 
plicated to be employed in this investigation. We may, however, dispense with the use of it 


by combining equation (1) with the following general equation, which is obtained in p. 383 of 
the communication already referred to: 


dV V? 
a’ Nap. log p + ae ds + he TK (5 doagaon06 0ba600 gonodecoc (2), 


the variation with respect to space being, as before, from point to point of the line of motion. By 
differentiating this equation with respect to s and ¢ successively we get, 
adp dV yal a'dp av dV 


: 0, 1 ds +V—=F (t). 
pds dat” ae andi aan? tap © 


Also equation (1) may be put under the form, 


d V.d dV 1 1 
“oh 4 V(5 4) HO 
pdt pds ds 


Sie ee d d . ‘ ‘ Sve e : 
Hence substituting for =. and = from the preceding equations, and differentiating with respect 


p pds 
to s, the result is, 
eV “Vv EV? aViav ava Me ‘ie 
— — (a? — V?) —+2V, —_+2— .— +2V —(-+ — 2A | 105 
ae we agit appt aes geet tape € ¥ RF) 53? = i a) 


, aed . : 3 : 
for dR=dR' =ds. Now putting = for V, and integrating with respect to s after the substitu- 
8 


tion, it will be found that 
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d°q , 4aq\ aq dq dq oq (Ge 1 x) 
== - F(t 
dt: Ga ee tah da dedi <0 ds (ee @)- 


Lastly, for q put @ + y (#), the function x (¢) being such that F (¢) — x” (#) = 0. 


d d 
Then ue as aly V, and 
ds 


oe _ (a - aoe ap. 2 %o rp ob (L, 


ae = Ses a) eee (s). 


If the surface normal to the directions of motion be a plane, R and R’ are each infinitely great, and 
the equation strictly applying to this case of motion, is 


Ep _ (2 _t\Fh dh TH 
dé - (a = =) age ere ts dade SU Ran et GEAR eeeeeee .. (4). 


It is well known that this equation is exactly satisfied by a particular integral applying to motion 
: : i d do er 
propagated in a single direction, namely, a =F (a =f =") t- sf; and that at the same time £2 
s s 
=a.Nap.logp. From these two equations it follows that a given state of density and velocity 
is carried through space by the propagation and by the motion of the particles, with the velocity 
d wor. : : : 
a +2. The rate of propagation is therefore strictly a, whatever be the velocity and density 
of ie een Unless this were the case the velocity and arrangement of density in a given wave 
would change by propagation, however small the motion of the particles might be. Hence, in order 
that equation (3), in which R and R’ are not supposed to be indefinitely great, may apply to motion 
in which the ¢ype of the waves remains altogether unchanged by propagation, it must be of the same 
form as equation (4). This will be the case if 
ee =\5 Ia 
= |= — A") 9 concen cee cceccccceces cesceccccces 5) 5 
P(E + ey) a2 (6) 


the geo equation being the same as (4) with the difference of having a’ in the place of a. Also 
? ; - Nap. log p. 

It is now important to remark that the general partial differential equation having W for its 
principal variable, to which I have already referred, is of the third order, and consequently its 
integral, supposing it could be obtained, would involve three arbitrary functions of the co-ordinates 
and the time. Hence the function yy may be made to satisfy three arbitrary conditions. The first I 
shall suppose it to satisfy is, that the propagation of the motion be in a single direction; the next, 
that the motion of the particles situated in a fixed straight line, which I shall call the axis of x, be 
entirely in that line; the third condition I shall assume is, that for the motion along the axis of x 
the equation (5) is satisfied. It will appear from the reasoning that follows, that a form of y) may 
be found consistent with these conditions. 


Let @, (z, 4) be the condensation at the time ¢ at any point of the axis of x distant by x from the 
origin, and let the condensation, for a reason that will appear afterwards, be assumed to be @, (x, 4) 
x f (@, y) at any point whose co-ordinates are w, y, x. For shortness sake I shall write @, and f for 
these functions, treating @, as a function of and ¢ only, and fas a function of z and y only. Let 
p be the density, and w, v, w, the components of the velocity in the directions of the axes of co- 
ordinates, at the point wyx, and at the time ¢. It will be assumed that w, v, and w are always 
small velocities, and their first powers only will be taken account of. This being premised, we have 
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adp a, af (##). 


pdx Pp “da dt 
d d 
and to the first approximation, =— ag. Hence 


d 
“= a feyde + ¢, 
da 
the arbitrary quantity ¢ being in general a function of w, y, and x. In the same manner, 


af . ‘ 
v= = aed [p,dt+e. 
dy” 


: “d d d sane dw 

Also since — igtie = eee = a , we have to the same degree of approximation, Fr 
d ag : 

= WiC “, and w=-af at, dj e4= Sg suet — +c. But it is evident from the 


assumed law of the condensation in a plane Aaa, to the axis of z, that the accelerative 

force parallel to x at any point of this plane must to the first degree of approximation be equal to 
Pp : yP p ; ee pp q 

fx the accelerative force at the point of intersection with the axis, and that the corresponding 


velocities must be in the same proportion. Hence, = being the velocity at the point of the axis 
z 


uh ; 
of z, we shall have w = r. It follows that p=- a’ | pdt, and that e” = 0. 
dz 


For reasons which will appear hereafter I shall also suppose that ec =0, and c’=0. Thus we 
shall have, 


df df dg 
= Pee v= a w at be 


It is to be remarked that these equations are the more exact, the smaller the ratios of « and v to w. 
From the foregoing reasoning it follows that 


d 1d : 
udu +vdy+wdz =p Lda ve poedy +f fds =d.fo. 


Hence wdv + vdy + wdzx is an exact differential; and it is well known that in a case of fluid 
motion in which the first power of the velocity is alone retained, this condition must be fulfilled. 
The assumed law of the distribution of the density consequently satisfies a necessary analytical 
condition, and on this principle is justified. It follows also that dy, =d.f@, and by integration 
that yy =f +a function of ¢=0. Thus the equation of the surface normal to the directions 
of motion is to a certain extent determined, and we may now proceed to obtain an expression 


f 1 1 
or — 
Re ORs 


7 : 1 ie 
The known general expression for R 2. R is, 

ee AEA uae espa 8 
lane dy’ Aas ages dy” ¥ ae? da da dy dy | 


dy dy dy dpdy dy dy dp i dy dy dy \ 


dz dz? "dady’ dew dy dedz'd« dz dydz’ dy ‘dz 


(dy pes dy, -4 
ae dyz * a) i 
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si UO edt MN OENY) AF om vd  inahe 
du da dx* da* dady ae 
dy - df a af dy _¢ df 
dy "dy sh FP dy* dxvdzx dz da’ 
dy i dp — -15 ad’ L iy dp af 


dydz dz dy 
Hence by substituting and reducing, it will be found that 


af af ff agyt_e@f df af df, af af af f ag (ef, ef 
poe aye Ae dy?’ da? ae ay * dedy’ andy * gf de a aa 


+ [2 OR em ble Oe), 


pds gids) \da "ay 


3 4 1 1 A : = 
For our purpose we require an expression for — “- Re for any point on the axis of x. Now 


R 
since by hypothesis « =0 and v = 0 at all times for all points on the axis of z, it follows from 
the equations uv = ? a cf and v= @ ay that EF 9 and Z- 0 for these points. Hence the 
dy dx 
foregoing equation sa 
2 
Ceaee Ce o 
RR) > ds da y 


But equation (5) becomes for motion along the axis of =, 
= 12 2 ap 
“ (p+ R) =O Bi es 


Consequently putting a*(1 + /) for a’*, and substituting from equation (6), 


& 1 ae ad ip 
a = (+4 5a) ¢= Oa seen (7). 

In this equation the coefficient of @, not containing w and y, is a constant, and we may assume it 
equal to —*. It hence follows that 


re SF NU eet cite oa ouidca ph Meas was aves De 


dx 
ip 
dx? 


~ > 
Ls 2 


is a maximum, it 


I shall here take occasion to remark that sinc 


appears by equation (8) that @ = 0 in the same case. Hence also w = 0, and v= 0. Consequently 
the assumption made heretofore that the arbitrary quantities ¢ and c’ each = 0, was equivalent to 
assuming that the ¢ransverse velocity vanishes when the velocity is a maximum along the axis of 


‘ =. G : 
It appears also from the expressions for uw, v, and w, that, when the velocity — =0, and @ is 
consequently a maximum, w and v are each a maximum. 
At the same time that the equation (8) is true, we have by equation (3) neglecting the small 
terms, and by what has now been proved, 


+ 
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The equation (8) is satisfied by @ = (4) cos }mx + y(f)} 5 and the equation (9) by p=P(nx-na’t). 


m ; : m ; 
Hence y(t) = constant —, and y (¢)= — nat. Consequently = = 8 n(x —at), and the 
n 
d« ; ; tS 
velocity — =msinn (at — #) = msin =a (at — x) suppose. 


It results from the foregoing reasoning that if the small vibrations of the «ther in the direction 
of propagation follow the law expressed by the equation last obtained, the condensation in any plane 
perpendicular to an axis of rectilinear propagation may vary at a given time from point to point, 
and at the same time the propagation be uniform. A consequence of this result is that a very 
slender cylindrical portion of the xether may continue in agitation while the contiguous portions are 
at rest; and since the law above obtained is that which has been found by experience to apply to 
the phenomena of light, the existence of rays of light, which was proved experimentally at the 
commencement of this paper, is accounted for theoretically. 

As far as we have hitherto proceeded, the function f has remained indeterminate. The con- 
siderations I am now about to enter upon will serve to ascertain its form. Take a plane perpen- 
dicular to the axis of x, in which the velocity parallel to the axis of s is a maximum, and in which 
consequently w= 0, and v=0. As the motion at any point of this plane is parallel to the direction 
of propagation, and as the velocity of propagation is uniform, it follows that an equation like (5), 
applicable to this point, is obtained by simply substituting f@ for @. Substituting also a’ (1 + k) 
for a'*, we have, 

2 
ale + w= k ap Te IT Once 
Teo dee dz 


: ; 1 ae 
At the same time the general expression for R ar R gives, 


(a+ woe phd ctl Se 


7 (Ga+ 4) 
p dz da dy f 


dx’ Ae 
1 1 
Cell ee ie 
ans af 
“i? ‘aatuaage 6 


Hence by substitution in equation (10), 


1 1 

pees. Se 

ep f ( aoe 
—* i. \\ es —— m1 Ollelafeleratcielsrelotololelaticievcn Clue) s 
dattage Naat Magee ey 


Consequently, by comparison with equation (8), 


2 1 2 1 
f oa =n: 
k \ dx* dy- : 
5 
Es die 4 1 
or aah ae ay ana Sco 0q0000 000000000000 oor (12 


The function f/ must consequently be such as to satisfy this equation. 

Again, as the phenomena of light shew that a ray of common light has similar relations to space 
in all directions perpendicular to its axis, the function f, which is arbitrary, to apply to this kind of 
light, must be assumed to be a function of the distance from the axis. That is, if 7 = a+ 9’, 
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f is a function of 7. And the equation (12) is quite consistent with this assumption. In fact, for 
this case it becomes, 


1 

d. - 

ig Se ae 
dr | dr j 
which equation determines the particular form of f applicable to common light. This equation does 
not appear to be exactly integrable. By putting it under the form, 


pe gh 2 
dr* * fdr® a ae 


==) itare ateieteis'alsinaicls orate eee (13), 


ae : BEA le oom OS: 
it will be seen that the equation f = cos ——— satisfies it, when ris very small. By multiplying 
9 


~ 


fe 


Pe! ad 
equation (13) by f, and supposin EL os we shall have either f = 0, or EL kn? f=0. The 
q Min oa ee dr i 


latter equation is satisfied at the axis of the ray: the other by a certain value / of r, which may be 
called the radius of the ray. If S equal the condensation at the axis, and s the condensation at a 
point distant by r from the axis, by what has been already shewn, s = Sf. Hence where r = , 


ds : ene ara i ‘ Lae 
both s = 0, and aes 0; that is, at this distance there is neither condensation nor variation of con- 
r 


densation. Thus the parts of the fluid more distant from the axis than / may remain at rest, while 
those at less distance continue in agitation. As a= a*(1+4), and as it is not probable that a’ 
differs much from a, k may be considered a very small numerical quantity. Hence the three first 
terms of equation (13) will be small, since each would vanish if & vanished. Consequently / the 


: e fii: 
radius of the ray must be large compared to ) the breadth of an undulation. Because = is very 
= 4 


d : ; 
small for all values of r, and f and = vanish together where 7 =/, it follows that the second term 
r 


of equation (13) is very small compared to the others at all distances from the axis. By neglect- 
ing this term the equation becomes, 


ad d 
= = Fe ettnfi— iO leeevenicwa cea ecatecassts sale noe (14), 


which determines with sufficient approximation the function f. 


2 : é df” df k 
By neglecting in the general equation (12) the terms containing ae and ——, which are 


° fda fdy 
quantities of the same order as the neglected term of equation (13), we obtain, 
a af aif 
eet HOO) ciewawiaad <ciaw ca Sua scs cations 15), 
da® dy* f Cy 


which is a general equation, applying to a ray of light of any kind, and including as a particular 
case equation (14). Since by hypothesis s = Sf, we immediately derive from (15), 


@s d's ~ 
Sha AEM 8 = Ol ve nsdccg axchanaemaensrasteosecrcnes (16), 
dy 
a linear equation with constant coefficients, in which the principal variable is the condensation. 
: : Aer d : 2 ds 
The velocity (a) in the direction of x we find to be p = which, since s = Sf, becomes g. qs 
x S dz 


Vors Vili” Parr EE: 3B 
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: Oras Bil, | easily A Sali  ® Ate ag a, 
So v= s aye But we have seen that p= Fe cos x (at— x). Hence 7 Fae — ma’ sin = (vt—2x) 
207 al Y n ~ 2a p Aa 2a , . 
=—a’?§. Therefore S' = a sin a (at — x), and So ohare cot = (vt — x). Call this quan- 


ds ds 
tity d. Then w= ae and v = oF. . Let now s=o,+0.. Then 


Lv y 
d?. (a, + Go d?. (a, + Ge) 4 
(a1 D4 Ge : + kn* (co, + 0.) =0; 
da® dy’ 
and as s in equation (16) is arbitrary, we may have separately, 
day ao; 4 
== _ 7s = 
da? dy’ ; 
do. @ os 
and -+4+—— +kn’o, = 0, 
da dy 
and consider these mar to apply to two distinct rays. At the same time, since s = o,+ 0, 
ds do ds do do; ; i ae 
Qe Dea: oe , and @ — = @ ++ @——;; that is, the sums of the velocities in the two 
dv dv dy dy dy 


rays resolved in a sears of the axes of co-ordinates are equal to the resolved parts of the 
velocity of the original ray in the same direction. Similar reasoning would have applied if we had 
assumed s = 6, +02 +0,+&c. The general conclusion we may now draw is, that a ray may be 
conceived to be composed of two or more rays in the same phase of vibration, and that if, after a 
ray has been separated into distinct rays, the parts be put together in the same phase of vibration, 
they will compose the original ray. 

The foregoing Theory of Luminous Rays, conducts to a very simple and satisfactory explana- 
tion of the phanomena of Polarized Light, which I propose to bring before the notice of the 
Society at a future opportunity. 


Cambridge Observatory, 


May 11, 1846. 


XXVIII. 4 Theory of the Polarization of Light on the Hypothesis of Undulations. 
By the Rev. J. Cuaruis, M.A., Plumian Professor of Astronomy and Experi- 
mental Philosophy in the University of Cambridge. 


[Read May 25, 1846.] 


Tue Theory of Polarization contained in this Paper is founded on the Theory of i-uminous 
Rays, given in my last communication, of which the present may be regarded as a continuation. 
I shall, therefore, use the same symbols as in the former Paper, and suppose their signification to be 
known, and for the sake of convenience, the reference numbers attached to the equations will be in 
continuation of those of the other Paper. 

Conceive a ray of common light to be submitted to some action which is not symmetrical with 
respect to its axis, and which divides it into rays subsequently pursuing different paths. In general 
the arrangement of the condensation in neither of these rays will be symmetrical about its axis: but 
each may be supposed to consist of a symmetrical part having the properties of common light, and 
a part which has a different arrangement. The unsymmetrical part is considered to be polarized. 
A difference in the arrangement of the condensation in different directions transverse to the axis, 
corresponds in this Theory to Polarization. By experiment it appears that a polarized ray has 
a certain definite character, which is quite independent of the particular action producing the bifur- 
cation of the original ray, being the same under modes of separation of very different kinds. The 
explanation of the phenomena of polarization is therefore to be sought for in the modifications of 
which the vibrations of a ray of common light are susceptible according to Hydrodynamical principles. 
In the phenomena of common light there is nothing to decide whether the sensation of light is due 
to the direct or the transverse vibrations. The phenomena of polarized light shew that it is to be 
attributed to the transverse vibrations, and our attention must therefore be directed to the modifica- 
tions which these may undergo. The direct vibrations very probably are productive of heat. 

In the Theory of Luminous Rays it was shewn that a ray in which the condensation at any point 
is s, may be supposed to be compounded of two rays in the same phase of vibration whose con- 
densations are c, and c,, if s =o, +,, independently of any relation between o, and o.. We are 
therefore at liberty to assume another condition which these quantities shall satisfy. The assump- 
tion I shall make is, that the bifurcation of a ray takes place so that the transverse velocity at each 
point is converted into two velocities at right angles to each other, and that these are respectively 
the velocities at the corresponding points of the two polarized rays. This law is most probably 
deducible from purely Hydrodynamical principles; but in the present state of Hydrodynamics it 
must be regarded as an hypothesis. By the reasoning and notation of the former Paper, the com- 
ponent velocities in one ray are oom , and qeee and in the other, ooek and a. and the 

: dx dy dx dy 
hypothesis we make is, that 


do, do» 
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Let us now consider by itself the polarized ray in which the condensation is c,. Since 
do. ds _ do, do, ds do, 


$= 06, +02, we have ris Ser rs and ai = ae, - aa . Substituting these values in (16), 


we obtain, 


doy ds doy dc; ds do, 


: DiStore cle’aletelele mete ston Clu1h) 
dw dx da a dy’ dy dy a) 


Also o, must satisfy equation (15). Consequently 


do, On 
eb ae H+ hg, = 0.0. ccc ceo eee eee Sooee. (GIG). 
dx’ dy ; ce) 
The equations (17) and (18) determine the function that a, is of w and y. For by eliminating 
dia i : : ; : 7 
a from (18) by means of (17), an equation results, which, as it contains only partial differential 
dx* 
coefficients of o, with respect to y, determines the form in which y enters into this function. The 
form in which a enters is similarly determined. The function expressing the value of oc» is deter- 
mined by equations exactly the same as (17) and (18), having only o, in the place of c,. In fact, 
do, doy ds da, do 
yutting equation (17) under the form ——-— 4——+B=0, we have 4 =—~= papers 
r q (17) de is Tas ade ee and 
do, ;ds Se do, do, = doz 


= — =—'.——. The two roots of that equation are therefore 


"dy \dy dy) dy dy a da 


— ' and —— , and hence the process indicated above which determines o, determines co, also. 
Since the original ray is supposed to be one of common light, s is a function of r, and 


=f (7 r)- -,—=f(r). z. Substituting these values in equation (17), we have, 


da o do, rg do, | 
- S55 8 =| | Wisgachesoscoc 
Fey ae ll ae Se (19) 


If now the direction of the axes of co-ordinates be changed through 90° by putting — 2’ for y and 
y' for x, neither this equation nor equation (18) will be altered in any respect, so that the same solu- 
tion of the equations will result as before. Consequently by this transformation the function that 
co, is of w and y is converted into the function that o, is of the same variables, and vice versa. It 
follows that the original ray is divided into two equal polarized rays, such that if one be turned 
about the axis of x through 90’ it becomes identical with the other. Since also equations (18) and 
(19) are not altered by changing the axes of co-ordinates through 180", that is, by altering the signs 
of a and y, it appears that c, and o, are symmetrical about planes passing through the axis of =. 
These planes, from what has just been proved, must be at right angles to each other. Also it is 
evident that a plane of symmetry of one ray must coincide with a plane of symmetry of the other. 
Hence each ray will have two planes of symmetry at right angles to each other. 

The above results would be more properly derived from the functions of v and y expressing the 
values of o, and o., if the integrations could be performed by which these functions would result 
from equations (18) and (19). This it does not appear possible to do generally; but values of o, 
and c, applicable to small distances from the axis of x may be obtained as follows. We have seen 


: ; k 
that the solution of equation (13) for small values of r is f= cosm \/ —7. Hence, as s = f'S, we 
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Wort /* ds SnVk. /* x ds 
have to the same approximation, s = S' cosn —r; —=- . sin —r.—; and — 
2 aes /2 BF dy 


== Saya sin n Jt, at Consequently substituting in (17), and putting the are for the sine, 
2 r 


do? doy Sxrk (9 my get] a 
da’ * dy 2 dx Yay) ~ 


Such a value of oc, is now to be found as will satisfy the equations (18) and (20) for small values 
of x and y. The equation o,=mcos(g# + hy) will be found to answer. For substituting in 
(18) we get the equation of condition, 


Bailie — Wir Melman ae Mneceoel ceciee's <n C2I)s 
and:by substituting in (20) we have, 
m® (g* + h*) sin’ (gw + hy) - 


Hence, putting the are for the sine, 


Snkm 


2 


(gv + hy) sin (ga + hy) = 0. 


2 


m (g* + h*) - Seok 


Comparing this equation with (21), it follows that m = 


, and consequently that 


~”H 


Sy . 
a1 = = cos (gv +hy). Similarly we should find that c, = = cos (gv +h’y). But since s = o,+¢:2; 


we must have, 
k Ss S eid ae 
seosnr/ aia (gv + hy) + 2 see +hy). 


Expanding to terms involving the squares of the small quantities, 
n’kr’ = (gx + hy) + (gv + h'y)® 
= (e° + g*) a+ (A +h)? + 2 (gh + oh’) vy. 
This equation accords with (21) if g’ =A and h’=-—g. Thus we have 


S 
a, = > cos (gv + hy), o. = > cos (Aw - gy). 
It hence appears that a, becomes identical with o, by changing the directions of the axes of 
co-ordinates through 90". Since g* + h? = n°k, we may assume that g =n \/kcos@, and 
h=nvV/ksin@. Then, 


o,= 5 cos {n \/k (a cos @ + ysin @)}, 
S = See 
and o: => cos Sn Vk (asin @ - ycos@)}. 


9 
— 


As @ is quite arbitrary, let it equal 90°. Then o, = Se n Sky, and ¢ = S cos n\/kx. The 


axes of w and y are now evidently in the planes of symmetry, and these last values of ¢ and 
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cs, shew that at small distances from the axis of zx the motion in one polarized ray is parallel 
to the plane xy, and in the other parallel to the plane xv. They may be said to be polarized in 
these planes. 

The foregoing reasoning proves that a ray of common light is divisible into two rays polar- 
ized in planes at right angles to each other, and that these rays are necessarily equal. We have 
next to shew that they are each of half the intensity of the original ray. Since 

ds do, doz ds do, do, 
: de de daz’? “dy dy dy’ 
by squaring, 
ds’ ds? da, da? do, do» 
da? dy da as dy’ arr 


do’ rs da? by da, do» 
3) dy dy dy dy 


do,’ day dai dos 5 
(Se a —, +—;]} b t 16). 
qa ae) ae ae) y equation (16) 
Let ~,, v, be the velocities in v and y in one ray, 2, v. in the other, and w, v in the original ray. 
d ds d 
Then since w= o—, v= OT w= >—, &e. 


CH HAC 
1 2 
w+ v= (ur +0) + (Us + ve). 


Hence the square of the velocity at any point of the undivided ray is equal to the sum of the 
squares of the velocities at the corresponding points of the polarized rays. This is true of the 
velocities in any tranverse section, and therefore true of the maximum transverse velocities. 
Measuring, therefore, the intensity of a ray by the sum of the squares of the maximum trans- 
verse velocities, it follows that the sum of the intensities of the polarized rays is equal to the 
intensity of the undivided ray, and, their intensities being equal, that each is of half the intensity 
of the undivided ray. This is conformable with experience. 

Let us now proceed to estimate the intensity of a ray compounded of two rays polarized in 
opposite planes, but not in the same phase. As above we shall consider the intensity to depend 
entirely on the transverse velocity. In general for any ray not compounded, 


d r 2 , 
u=o—, o= ho and p = So eos — (at — # +0). 


Now since the ratio — is a function of «# and y independent of z and f¢, the direction of the 
v 


transverse velocity is independent of the phase of the direct velocity. Hence the transverse 
velocities in two rays polarized in opposite planes, which by hypothesis are at right angles to 
each other when the rays have the same phase, will be at right angles to each other whatever 
be the difference of phase. Let therefore for one ray 


df, df, df. df, 
= ¢,—, 2, =¢, —; and for the other, w= gd. —. %2= d2—- 
uy pia. %1= ay and for the other, «= @» ne Pag 
Then since they are polarized in opposite planes, lee , OF UU, + VV, = 0. Consequently, 
VY Us 


df, df. af, df. 


dx dx dy dy 
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mr 27F° .'% df, 
Su that w, =—— cos — (at - z) —, 
ee  Qar r ( *) de 
mr 2 df, 
eee Oe a 
Man d 
m= cos (wt - 2+ 0), 
20 r da 
Jy, df. 
v, = — cos—(at—2z+c) —. 
T r ( : EF 
Qn, d df.) X , 2a d 
Then 2, + Le ee GL aed (mF m ‘cose = sz sin (at —z)m ‘sin o and if 
,.  afs 
oa m' sin Ce 
tan X = he 
m —+ m' cose af. 
a da 
r df? df, d Rie! 2 
UO or w+ Chee fre + 2mm’ cose Le +m an cos (a't —z+6'). 
m’ sin e — 
2 or d 
So if tan — us = ee Ss ee 
Uf , S d. 
m — + m' cos ¢ — 
dy dy 
Wf ahi df, d gGfe|? 23 _, ‘ 
V or v1, += m? oS +2mm' cos c os thy m Z| cos — (a’t - x +0"). 
Qa dy? dy dy dy r 


‘The two velocities U and V are not in this case in the same phase, and consequently the trans- 
verse motion of a given particle, instead of being in a straight line, is in an ellipse or a circle. 
The effects of the resolved parts of the velocities in the directions of the axes of a and y may be 
assumed to be independent of each other, and the intensity of the compound ray will conse- 
quently be as the sum of the squares of the maximum values of U and V; that is, as 
2 2 p 2, 
m* (445 + af 2.) + 2mm’ cose (=. af. ——— afi se) nie (4 + afe ), 

dv” dy da dx dy dy: da®  dy’/ 
which on account of the equation (23) is independent of cose. Hence the intensity is the same 
whatever be the difference of phase, and therefore the same as when the two polarized rays have 
the same phase. This agrees with experience. 

Let us now proceed to consider the bifurcation of a polarized ray ; for instance, the ray whose 
condensation is c;. Suppose it separated by any means into two rays whose condensations are 7, 
and 7,. We shall assume, as in the case of a ray of common light, that the sum of the conden- 
sations at corresponding points of the divided rays is equal to the condensation at the corre- 
sponding point of the original ray, and that the velocities at these points of the divided rays 
are in directions at right angles to each other. We have then, by what has gone before, 


dmiyira yt tae a (25) 


dx da dy dy eee cccccccves 
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and +,, 7». must respectively satisfy the equations, 


dr a 

+a + ao ten = 1O)segaeeteosteel@O)s 
Gr, &r 

a = + Dh Tz =O oosceccseceeese (27) 


From the system of equations (24), (25), (26), and (27), it is required to determine the forms of the 
functions expressing the values of 7, and r,, that expressing the value of o, being supposed to be 
known. It does not appear that this can be done generally; but as before, approximate solutions 
may be obtained applicable to parts of the rays contiguous to the axis. The process for this pur- 
pose will be analogous to that applied to the ray of common light. 


Let 7, = mcos(gx@+hy), and +r, = m'cos (g'x + hy). 
Then equations (26) and (27) are satisfied if 


eth -nk=0, and g?+h?®—-n*k =0. 


Also equation (25) is satisfied if gg’ + hh’ =0. And these three equations of condition are satisfied 


n Sk sin@, h’ =n ./k cos @. Hence since we have 


ll 


if g = n\/k cos 8, h=—n/ksin 0, g 


a ee : S = 
shewn that when the approximation is carried to the second powers ef wv and y, a, = 3 conn V/ky, we 


shall have by equation (24), 
S = = De a : 
= cos \/ ky = m cos (nw \/k cos 0 — ny\/k sin 0) + m'cos (nw Vk sin @ + ny \/k cos 8) .... (28). 


Hence, expanding to the second powers of w and y, 


Ss nky* mn k Se mae ; 
2 (1- ~~] =m +m! — - (wcos 6 — y sin 8)? — = (w sin 8 + y cos 8)’. 
o 2 } 2 2 
r y S , 
Therefore s=m+m, 
S 2 9 tes. ° 2 . , - 2 , 9 5 
and ap = (m cos’?@ + m'sin*9) w° — 2vy sin @ cos 0 (m — m’) + (m sin’@ + m' cos 8) y’, 


Bee, ; S 
or, substituting m +m’ for —, 
2 


(m cos?9 + m’sin*0) (y° — a) + 2vy sin @ cos 8 (m — m’) = 0..........4. (29). 


It appears, therefore, that equation (28) is not satisfied to second powers of w and y for gene- 
ral values of these variables, and the functions assumed for 7, and +, are consequently true in 
general only to first powers of v and y- It is however important to remark that the equation 
(29), being put under the following form, 
y m 2y sin@ cos 6 (m — m’) ; 
a a  mcos’@ +m’ sin’@ 
shews that for two directions at right angles to each other, the assumed values of +, and tr. are 
true to the second powers of w and y. These two directions may be presumed to be the direc- 
tions of the planes of polarization of the two rays. But because 


~ 
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7, =mcosn/k (wv cos@ — ysin@), and 7, = m' cos nx Vk (sin 8 + y cos 9). 
these two planes evidently make angles @ and = —6 with the plane of polarization of the original 


ray. Hence putting cot 6 for Y in equation (30), we find 


m 
— = tan*d, 
m 
S - 
and we also have >=mtm. 


Wyte ns 
Therefore m = 5 sin’é, and m’ = —cos’@. 
9 


The polarized ray is consequently divided in general into two unequal rays, the values of which 
are assigned by these equations. If @= 45", the two rays are equal; which accords with 
experience. 

Suppose a polarized ray to be incident at the angle of complete polarization on a reflecting 
surface, and let @ be the angle which the plane of incidence makes with the plane of polarization 
of the incident ray. Then 4 being the portion of the ray transmitted without bifurcation, which 
we will suppose to bé independent of 0, and J the portion bifurcated, the transmitted ray will be 
A +TIsin’@, and the reflected ray Jcos’@. If another equal ray, polarized in a plane at right 
angles to the plane of polarization of the former be incident in the same direction, the transmitted 
portion will be, 4 + Jcos’@, and the reflected portion Tsin?@. These two incident rays make up, 

_according towur Theory, a ray of common light, the transmitted portion of which is 2.4, and the 

* reflected portion J cos’@ + Isin’@, or J, which is independent of @, as we know from experience 
“it should be. Respecting the law above found for the intensities of the two rays into which 
a polarized ray is separated, Sir John Herschel remarks in his Treatise on Light in the Encyclo- 
peedia Metropolitana, (Art. 850), ‘* We must receive it as an empirical law at present, for which 
any good theory of polarization ought to be capable of assigning a reason a priori.” Such a reason 
is given by the Theory I am advocating. 

Two polarized rays formed by the separation into two parts of a polarized ray derived 
immediately from common light, possess in some respects the properties of polarized rays of the 
latter kind, for instance, the two rays pursuing the same paths will not interfere whatever be the 
difference of phase. This may be proved by the very same reasoning by which it has been already 
proved that two rays of first polarization do not interfere, the reasoning being purposely adapted to 
the case when m and m’ are unequal. At the same time the rays of second polarization differ in 
this respect, that if they meet in the same phase they compose a plane polarized ray. When 
@ = 45", we found that the two rays were equal. Yet their composition would form a polarized ray, 
whilst two equal rays of the first polarization meeting in the same phase would compose a ray of 
common light. 

According to this Theory circularly and elliptically polarized light consists of two oppositely 
polarized rays differing in phase, the two rays when in the same phase constituting a polarized ray of 
the first kind. The reason Fresnel’s Rhomb does not produce elliptically polarized light, when com- 
mon light is used, is that common light may be supposed to consist of two rays in opposite polariza- 
tions, which produce exactly complementary effects. For the same reason common light produces no 
coloured rings by transmission through a thin plate of a uniaxal or biaxal crystal cut nearly per- 
pendicularly to its axis. Each of the polarized rays, of which common light may be supposed to 
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be composed, does in fact produce coloured rings, but the two sets being exactly complementary, 
the colours disappear, 

Circularly and elliptically polarized light is capable of reflexion at the analyzing plate (in the 
experiment above alluded to) because it consists of two rays polarized in opposite planes, which 
cannot therefore both coincide at the same time with the plane of incidence. The analyzing plate 
is necessary for the production of the colours, because the rays come out of the crystal in opposite 
polarizations, and therefore not interfering. Those that fall on the plate in the same phase consti- 
tute a single ray polarized jn the plane of original polarization, and are therefore incapable of 
reflexion when the plane of incidence on the plate is perpendicular to the plane of original 
polarization. The rest of the rays fall on the plate in the form of circularly or elliptically 
polarized light, and consequently from what we have already seen, are capable of reflexion. 
This explanation does not require the supposition of the loss of half an undulation. 

The Theory might be compared with experiment in many other instances; but perhaps those 
I have adduced may suffice to gain for it the favourable consideration of mathematicians. I will 
only add, that having applied it in some degree to the phenomena of Double Refraction, I find 
that it leaves the mathematical Theory of Fresnel unaltered, while it offers in several respects a 
different physical explanation of the facts. Before I conclude it may also be proper to remark, that 
I have argued on the supposition that the quantity & which enters into this Theory is a constant. 


The reasoning would remain the same if & were a function of X, provided it did not vary with the 
intensity of the ray. 


Cambridge Observatory, 
May 25, 1846. 


XXIX. On the Structure of the Syllogism, and on the Application of the Theory of 
Probabilities to Questions of Argument and Authority. By-Avcustus De Morean, 
Sec. R.A.S., of Trinity College, Cambridge, Professor of Mathematics in Uni- 
versity College, London. 


[Read Nov. 9, 1846.] 


Since the time when the Aristotelian syllogism ceased to be regarded as an all-sufficient instru- 
ment of inquiry, it has remained precisely in the state in which those who are called the schoolmen 
left it. I have never heard* of any attempt to ascertain whether the forms which his followers 
derived from the writings of the great master were the perfection of system and simplicity which 
they were supposed to be. The uninquiring adherence of all writers on logic to the model 
of the middle ages, proves one of two things: either that the model is human perfection, or that the 
authority of the ancients has been followed as of course in the forms of logic long after it has been 
abandoned in every other part. With such an alternative, it is not presumption to venture upon 
the examination: and this is the more apparent when we consider that the general impression among 
writers seems to be that there cannot exist any other theory of the syllogism except that derived 
from Aristotle. If another can be produced, which is but self-consistent, true, and comprehensive, 
the tacit assertion of all writers is overthrown, whether that system be or be not judged superior 
to the one handed down. 

I here venture to propose a derivation and classification of the forms of the syllogism, differing 
very widely from that in use. 


Section I. On the meaning of the simple term. 


A TERM, or name, is merely the word which it is lawful to apply to any one of a collection of 
objects of thought : and, in the language of Aristotle, that name may be predicated of each of those 
objects. He uses this word predicate only as “that which ean be said of.” When in later times 
the negative proposition ‘* X is not Y” was said to have Y for its predicate, the word ought to have 
been non-predicate,-or some equivalent. The proper predicate is not-Y, which I shall call the 
contrary of Y. 

When we use aterm, such as “man,” we predicate, in Aristotle’s sense of the word, of every 
individual which the notion can suggest, of John, Thomas, William, &c. If we extend the word, 
and allow Y to be called the predicate of “‘ XY is not Y,” we must then affirm that the word *‘ man” 
predicates of every object of thought, either affirmatively or negatively: affirmatively of John or 
Thomas, negatively of a certain tree, or quadruped, or book. Every name then, in this sense, 
predicates of every thing: ‘* X is either Y or not-Y” is a proposition of universal identity. 

The express introduction and consideration of contraries ought, I think, to have followed the 
extension of the word predicate. Aristotle rejects and then admits: not-man, he says, is not 
a name; and then he calls it an aorist name, which can be predicated both of existent and non- 
existent things. I deny the justice of this distinction, for two reasons. 

Names in Jogic are used subjectively ; they are the representations of the notion in the mind. 
Now man and nof-man are equally the names of things which, objectively speaking, are non- 
existent. Jot-man, Aristotle would say, is a name which can be predicated of the speaking bird 


* See the Addition at the end of this Paper. 
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and the singing tree in the eastern fable: but surely, with as much justice, man may be predicated 
of the Shakspeare who wrote Paradise Lost, or the Caesar who conquered Darius. 

In the next place, it is not true that the aorist or indefinite character of the mere contrary 
actually exists in the use which we make of language. Writers on logic, it is true, do not find 
elbow-room enough in anything less than the whole universe of possible conceptions: but the 
universe of a particular assertion or argument may be limited in any matter expressed or under- 
stood. And this without limitation or alteration of any one rule of logic. Let every one of the 
possible points of space have one or more of the names X, Y, &c.: then if we can say, “* No X is Y,” 
of course we can say ‘No Yis X.” But this is equally true if, by an understanding to that 
effect, the universe of our proposition be one square described in a certain plane. Divide the points 
of this square into As and not-Xs, and the not-X is no more an aorist term than the X. 

By not dwelling upon this power of making what we may properly (inventing a new technical 
name) call the wniverse of a proposition, or of a name, matter of express definition, all rules 
remaining the same, writers on logic deprive themselves of much useful illustration, And, more 
than this, they give an indefinite negative character to the contrary, as Aristotle did when he said 
that not-man was not the name of anything. Let the universe in question be “man:” then 
Briton and alien are simple contraries; alien has no meaning of definition except not-Briton. But 
we cannot say that either term is positive or negative, except correlatively. As to a claim of right 
to be considered a prisoner of war, for instance, alien is the positive term, and Briton the negative 
one. We separate formal logic from language, if we refuse to admit this. In many cases, 
the language has the term which signifies the contrary, and wants the direct term: as in the 
word parallels, for example. To this day the word intersectors has not found its way into the 
idiom of geometry. In one case we give a name to the thing of course, and define the exception by 
means of a contrary: in another we find it more convenient to reverse the process. I hold that the 
system of formal logic is not well fitted to our mode of using language, until the rules of direct and 
contrary terms are associated : the words direct and contrary being merely correlative. Those who 
teach Algebra know how difficult it is to make the student fully aware that a may be the negative 
quantity, and — @ the positive one. There is a want of the similar perception in regard to direct 
and contrary terms. 

Throughout this paper, I shall use the small letters v, y, =, &c. for names contrary to those 
represented by the capitals _X, Y, Z, &c. Thus “every thing in the universe is either X or a,” 
“No X is w,” &c. are identical propositions. 


Section I. On the simple proposition. 


TuHere is no need to dwell on the usual matters given as to the distinction of universal and 
particular, or of positive and negative. But, I think it cannot be denied, that the distinctions may, 
for logical purposes, be considered as accidents of language. Any proposition which is either of the 
four in one language, may be either of the others in another. Our language has, say the names XY and 
Y, and suppose that “* Every X is Y” is true. Another language translates X by X’, but has no 
term for Y, but only y’ for its contrary; the proposition is then ‘No X’is y.” In a third 
language Xs have no specific name; they appear but as individuals of the name 1”: the proposition 
is then ** Some "s are Ys.” But if the last language had only possessed the name y”, it would 
have been ‘Some X's are not ys.” 

Very often, having established such a proposition as ‘* Some Xs are Ys,” we, for that reason, 
distinguish those Xs by a separate name, Z: and then we have “ Every Z is Y.” If language 
were copious enough, particular propositions would seldom occur: and the idioms of every tongue 
are probably influenced by its power of supplying universal terms, or of converting particulars into 
the form of universals. 
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I shall use, as is usual, the letters 4 and £ to signify positive and negative universals: and 
T and O for the corresponding particulars: but with a modification presently noticed. I shall also 
use the following notation, without which I should hardly have had patience for the many hundreds 
of cases which this paper has required. 


P)Q signifies Every P is Q. 

PAS Oe ecie eee NOPE alsa Qs 

PR een ee OMnewesmare /Qs: 
PAO arataeciva Wome rE svare not Qs: 


I have taken for the convertible propositions, the symbols P. Q and PQ, which the algebraist is 
accustomed to consider as identical with Q.P and QP: the same thing is true under these 
meanings. But P) Q and P:Q, which are also used in arithmetic and algebra, convey no idea of 
convertibility. 

All expressions that have any meaning can of course be reduced to one of these forms. 
Aristotle denies this, and divides all expression into significative and enunciative, meaning by the 
latter that in which there is truth or falsehood, Thus prayer, he says, is speech, but neither true 
nor false. This is surely not correct ;—Deliver us from evil may be either ‘‘'To be delivered 
from evil is our prayer,” or ‘“* We are of those who pray to be delivered from evil,” or ‘* Evil is a 
thing we pray to be delivered from.” Or, as the text, it would be “ Deliver us from evil, is the 
passage on which I mean to comment:” and the sermon would probably give all the enunciations 
above. Ina request, command, inquiry, or announcement, the tone* of voice predicates. 

In classifying all possible predications by means of two names Y and X, their contraries must 
be included. We must therefore consider all the relations that may exist between Y and XY, 
X andy, y and w, wand Y, Between each of these there are six modes of enunciation; thus 
between P and Q we have 

PIC aG: view ban Oi —Q)s baer Gi = QP. PQs NOM P: 
1 2g 8 4 5 6 
But it will be best to arrange these by contradictories, or propositions one of which must be true 
and the other false: as P)Q and P:Q, Q)P and Q:P, P.Q and PQ. These six modes 
applied to each of the four variations of subjects, give twenty-four varieties, which are reducible 
to eight, being identical three and three, as follows: 


AO) VON Se A.V= 4 )y= ¥))a. 
Age EEA Yate, Go. RT GEE 
ye Nes Fire, 1a) 87 Diya) ko =9.) xX. 
) EONS) AM SAR OF Yah a — i ak 


Though the use of the great and small letters may suit the eye, these lines should be read thus: 
«Every X is ¥” is identical with ‘*no X is not-Y,” and “every not-Y is not-X,” and soon. These 
eight modes may all be derived from the four Aristotelian modes by changing both terms into 
contraries ; which suggests the following notation ; 


(A) AON vjy=F¥)xX (a). 
(O) AGceka Oy — Ae (0). 
(£) AGE DA YY (e). 
(J) AO ay ce): 


“ To call a person by his name is a proposition, perhaps more. | John; therefore, you are the person I want to speak to." The 
There is certainly the full meaning of a syllogism init. Whena least that can be said is, that he states the premises, and Jeaves 
person calls—John! no one can say that any part of the following | John to draw the conclusion. 
is not implied: ‘“‘John is the person I want to speak to; you are 


382 PROFESSOR DE MORGAN, ON THE STRUCTURE OF THE SYLLOGISM, 


This notation is established with reference to the order XY: the inversion of the order interchanges 
small and large letters. 

The propositions (4) and (Q) are the assertion and denial of complete inclusion of the first 
name in the second. And (a) and (0), the assertion and denial of complete inclusion of contrary in 
contrary, are, as appears, equivalent to the assertion and denial of complete inclusion of the second in 
the first. Again, (7) and (J) are the assertion and denial of complete non-interference, or that each 
name is wholly contained in the contrary of the other. But (e) and (é), the propositions which I 
propose to add to those commonly received, may be explained as follows: 

The proposition (i) or wy, affirming that there are individuals in the universe of the proposition 
which are neither Xs or Ys, merely affirms that .X and Y are mot contraries, and do not between 
them contain the universe. The contradiction of this, (e), or a .y, affirming that it is false that there 
are any individuals which are neither X or Y, might seem at first sight to declare that X and Y are 
contraries. But it is not so, since the preceding is perfectly consistent with there being individuals 
which are both Xs and Ys. In fact, to express that X and Y are contraries we must have both 
w.yand X.Y. 

The following tables show the relations of these propositions. 


|p Denies SaRteint | Sor samorey | es coupernen iad | enrol 
A) OFe:. |. fa | a0 E | IAa Oo | ¢@4 
Oy wl | Ee Taio if E Aa Ocio 
CN OQIB® | 18a AO e iad Oo | EI 
o| a | Ee i AIO i| e Aa oEIO 


Or each universal proposition denies, besides its own contradictory, the two universals of a different 
name; contains both particulars of the same name; and is independent of the other universal of the 
same name and its contradictory. Each particular proposition denies only its own contradictory ; is 
contained in both the universals of the same name; and is independent of either of the other three 
particulars, as well as of the other universal (not its own contradictory) of a contrary name. 

It is usual in modern works to say that a term which is universally spoken of is distributed. 
But in truth every proposition distributes, wholly or partially, among the individuals of the 
predicate, or of its contrary. It will be sufficient to call a term universal or particular, according 
to the manner in which it is spoken of, It will then be found that every. proposition speaks 
in different ways of each term and its contrary; making one particular or universal, according as 
the other is universal or particular. The manner in which the subject is spoken of is expressed; as 
to the predicate, it is universal in negatives but particular in affirmatives. And of the two terms and 
their contraries, each proposition speaks universally of two, and particularly of two. 

Let S' signify that the subject is changed into its contrary, P, the same of the predicate. Let 
C signify that the copula is changed, from positive to negative, or vice versd. Let F denote trans- 
formation or interchange of subject and predicate: to avoid confusion, either this must be done last, 
or the original subject and predicate are to retain those names after the transformation. Then we 
have the following tables, ZL standing for letting the proposition remain unaltered 


a ae SP ||. SPT | L P| PF S | ST | iP 


PC || SCT | SC ‘PCT PE Cl SPETWSPC! CTE 


Caanges and combinations of changes that are written under one another, are in all cases of the same 
effect : thus by writing PT’ and SPCT under one another, I mean that change of subject, predicate, 
copula, and order, are always of the same effect as change of predicate and order only. Thus the 
operation SPTC performed upon X ) Y gives y. 2. But PT only gives y) X and y.xw=y) X, 
as appears above. Further, when a single line separates two vertical pairs, the two pairs are 
identical when performed upon inconvertible propositions: when a double line, the same with 
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respect to convertible propositions. Thus, as to convertible propositions, L, PC, T, SCT are all of 
the same effect: as to inconvertible propositions, 7', SCT’, SP and SC. 

There is a point which developes itself very strongly when we come to consider the transforma- 
tions upon instances; namely, the distinction between the assertion of a proposition subjectively and 
objectively. The former mode is that which is always presumed: but in actual use of logic the 
distinction must be drawn. 

When we say, Every X is Y, as a proposition with meaning, and with or without truth as the 
case may be, we treat neither XY nor Y as having any other existence except that which our minds 
give them: but we imply that if X have any such other existence, so has ¥Y. But the syllogism 
“«X)Y and Y) Z therefore X) Z” is not valid merely by understanding X and Z to be taken in 
the conclusion as in the premises. The middle term must ewist: not necessarily objectively, but it 
must have a positive existence. It is no syllogism to say that XY is Y, if there be such a thing, and 
Y (if &c.) is Z; therefore Yis Z. And yet there is no offence against any of the ordinary rules of 
logic: the’ middle term is strictly middle; it is ** Y, on the condition that Y exists” in both. Thus 
‘¢ Homer was a perfect poet (if ever there were one); a perfect poet (if &c.) is faultless in morals ; 
therefore Homer was &e.” The premises will sometimes be admitted; but they do not prove the 
conclusion: the proper conclusion is a dilemma, ‘‘ Either Homer was faultless in morals, or there 
never was a perfect poet.” The existence here spoken of is objective: but the same thing applies to 
purely subjective cases. The terms of the conclusion may be conditional: but inference requires 
that the middle term should be unconditional. Every YY (if ever X existed) is Y; every Y is Z (if 
ever Z existed): therefore every X (if ever X existed) is Z (if ever Z existed). This is a good 
syllogism: but Y is here absolute. 

When the syllogism can be converted into another, having for its middle term the contrary of 
the first middle term, the same absolute existence must be claimed for the contrary. And here again 
I remind the reader that the absolute existence spoken of is existence within the universe of the pro- 
positions. Thus X ) Y and Y) Z give X) Z, ory) w and x) y give x). A positive existence 
is then required both for Y and y. There is an extreme case; y may not exist, that is, Y may 
contain the universe; but then Y and Z are identical, and the conclusion A’) Z is identical with 
X ) ¥ and x) @ contains nothing. 

Whatever sort of existence is spoken of is tacitly claimed for the terms of a proposition by the 
proposition itself: the refusal of this claim, or the denial by assertion of non-existence, being a dis- 
tinct thing from denial by contradiction. A certain meadow (the universe of the proposition) is 
flooded during the hay-harvest: the proposition “*No part of the crop that was not flooded was 
not saved” (of the form w.y) means logically that all which was not flooded || was saved, that all 
which was not saved || was flooded, and that part may have been both flooded and saved. Some 
reflexion (for want of habit of dealing with triple negatives makes the proposition rather complicated) 
will shew that a person who is apt to think objectively of propositions, as all do who are not trained 
in logical considerations, is much more likely to require the insertion of the words (if any) in two 
places (||) than he would be if the proposition were presented in the more simple form, ‘* All the dry 
crop was saved.” Probably such a person would not require the conditional words here, merely 
because he would take it that the proposition asserts that some was dry: reserving the right to deny 
by non-existence if there were none. 

I suppose it is hardly necessary to remark that, in propositions, asserted as true, the same sort 
of existence is claimed for both terms: for instance, that there is no objective first term with a sub- 
jective second one. In such a proposition as “he is good” we may certainly say that “ good” by 
itself is a purely subjective notion; a state of the mind in regard to an external object. But good 
is not the term of the proposition ; it is he (an external object) is one of these external objects to which 
the mind attaches the idea of good. I can conceive opposition to this: what I say is that the oppo- 
sition is not to me, but to the universal maxims of technical logic. For all writers admit that IY 
necessarily follows from XY: which cannot be if Y be a name of the state of the mind and -¥ of an 
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external object. Most of the Romans were brave; therefore some brave [men] were Romans. 
No hint is ever given by writers on logic of the necessity, previously to conversion, of attaching the 
subjective notion to an object. 


Section Ill. On the quantity of propositions. 

Tne logical use of the word some, as merely ‘‘ more than none,” needs no further explanation. 
Exact knowledge of the extent of a proposition would consist in knowing, for instance in ‘ some 
Xs are not Ys”, both what proportion of the X’s are spoken of, and what proportion exists between 
the whole number of Xs and of Ys. The want of this information compels us to divide the expo- 
nents of our proportions into 0, more than 0 not necessarily 1, and 1. An algebraist learns to 
consider the distinction between 0 and quantity as identical, for many purposes, with that between 
one quantity and another: the logician must (all writers imply) keep the distinction between 0 and 
a, however small a@ may be, as sacred as that between 0 and 1 — a: there being but the same form 
for the two cases. We shall now see that this matter has not been fully examined. 

Inference must arise from bringing each two things which are to be compared into comparison 
with a third. Many comparisons may be made at once, but there must be this process in every 
one, When the comparison is that of identity, of is or is mot, it can only be, in its ultimate or 
individual case, one of the two following ;—‘‘ This X is a Y, this Z is the very same Y, therefore 
this X is this Z; or else “* This X is a Y, this Z is not the very same Y, therefore this XY is not 
this Z.” And collectively, it must be either ‘*‘ Each of these X’s isa Y; each of these Ys is a Z; 
therefore each of these Xs is a Z;” or else ‘* Each of these Xs is a Y, no one of these Ys is a Z, 
therefore no one of these .Ys is a Z.” 

All that is essential then to a syllogism is that its premises shall mention a number of Ys, of 
each of which they shall affirm either that it is both X and Z, or that it is one and is not the other. 
The premises may mention more: but it is enough that this much can be picked out; and it is in 
this last process that inference consists. 

Aristotle noticed but one way of being sure that the same Ys are spoken of in both premises: 
namely, by speaking of all of them in one at least. But this is only a case of the rule: for all that 
is necessary is that more Ys in number than there exist separate Ys shall be spoken of in both pre- 
mises together. Having to make m + greater than unity, when neither m nor m is so, he admitted 
only that case in which one of the two m or n, is unity and the other is anything except 0. Here 
then are two syllogisms which ought to have appeared, but do not; and there are others ;— 


Most of the Ys are Xs Most of the Ys are Xs 
Most of the Ys are Zs Most of the Ys are not Zs 
Some Xs are Zs .. Some of the Xs are not Zs. 


And instead of most, or 4 +a, of the Ys, may be substituted any two fractions which have a sum 
greater than unity. If these fractions be m and n, then the real middle term is at least the fraction 
m+n-—1of the Ys. It is not really even necessary that each Y should enter in. one premiss or 
the other: for more than the fraction m +  — 1 of the whole may be found in each. 

And in truth it is this mode of syllogizing that we are frequently obliged to have recourse to; 
perhaps more often than not in our universal syllogisms. ‘‘A// men are capable of some instruction ; 
all who are capable of any instruction can learn to distinguish their right and left hands by name; 
therefore all men can learn to do so.” Let the word all in these two cases mean only all but one, 
and the books on logic tell us with one voice that the syllogism has particular premises, and no con- 
clusion can be drawn. But in fact, idiots are capable of no instruction, many are deaf and dumb, 
some are without hands: and yet @ conclusion is admissible. Here m and m are each very near to 
unity, and m + —1 is therefore near to unity. Some will say that this is a probable conclusion : 
that in the case of any one person it means there is the chance m that he can receive instruction, and 
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n that one so gifted can be made to name his right and left hand: therefore m x m (very near unity) 
is the chance that this man can learn so much. 

But I cannot see how in this instance the probability is anything but another sort of inference 
from the demonstrable conclusion of the syllogism, which must exist, under the premises given. 
Besides which, even if we admit the syllogism as only probable with regard to any one man, it is 
absolute and demonstrative in regard to the whole number of men with which it concludes. 

This is not the only case in which the middle term need not enter universally: this however 
is matter for the next Section: see also the Addition at the end. I now go on to another point. 

Mathematicians, as such, are supposed to have a tendency to admit nothing but demonstration, 
and to become insensible to ordinary evidence. Instances of this there may be, though whether the 
temperament led them to mathematics, or mathematics brought on the temperament, has certainly 
not been inquired into by those who make the charge. But to me it seems very clear, that if 
ordinary logic do not produce this temperament in those who study it, there must be correctives else- 
where. It is the only science I ever came in contact with, in which the want of demonstration is 
formally made to amount to absolute rejection without further consideration. The mathematician, 
having a given formula on hand, can and does satisfy himself not only that it is true, if it be true, 
but that it is false, if it be false. But the young logician, when his premises do not yield their 
inference legitimately, drops that inference as a fallacy: and few indeed are the books which speak 
of the distinction between an invalid inference and a false conclusion in terms which shew that the 
same distinction is a well recognized topic of the subject. It is, I think, for the mathematician to 
try to correct the habit arising out of this omission, namely, the confusion between paralogism and 
falsehood: and also to introduce his notions of probability, so as to establish some little power of 
discriminating between the various degrees of fallacy which are all called by one name, whether that 
name be falsehood or not. 

If some Ys be Xs and some Ys be Zs we have no right to draw any inference: at least so says 
many a one who thinks that mathematics would render him insensible to the evidence of high pro- 
bability. 

It will become of importance to reflect what the difference may be between the habit of not 
looking for high probability when it exists, and that of not acknowledging it when it ought to be 
seen—as soon as the following case is considered. 

Let the whole number of Ys be s, the numbers which are Xs and Zs being severally m and n. 
Nothing is known or suspected as to whether a Y being X is favourable or unfavourable to its being 
also Z. It is required to ascertain what chance there is that there are Ys which are both Xs and 
Zs, m+n not being so great as s. ‘hat is, when from ‘some Ys are Xs and some Ys are Zs” 
we decline to admit that some Xs are Zs, what is the chance that we reject a truth ? 

Let p, signify the number of combinations of p out of q. If we pick out any m Ys to be Xs, 
there are m,_, ways in which the Zs may be found among the rest. Consequently m, x ”,_,, is the 
whole number of ways in which ‘“*Some Xs are Zs” is fale! But the whole number of possible 
cases is m, x m,; Whence the chance of the falsehood is 


ie a —m|{[s—n] 
n, > ial [s —m — n] 


where [p] means 1.2.3... p. If s — m — be not inconsiderable the substitution of 
f/2r.prtie* for [p] gives 


VAS —m)(s — ”) UE! One Q-z)(- awe (t =p)" (1 = at 


\ s(s —m—n) “s'(s—m—n)-"" l-u-vy (QQ) -u-v)'*” 


if u and pv be the fractions which m and m are of s. For the calculation of this we have 
Vors Vili Parr DDT. 3D 


386 PROFESSOR DE MORGAN, ON THE STRUCiIURE OF THE SYLLOGISM, 


6 

nes ieee (Lies) RE ee aeoIe eee aL 1h sD) Nea EAE I 
(l-p-v)'* 1.2 2.3 

with which series we are to proceed until the term last obtained gives a sufficiently small product 

after multiplication by s. 

Now first observe, that since the base of the s power is less than unity, s may, for any given 
values of » and y, be made great enough to make the probability that ‘* Some As are Zs” is false 
as small as we please. Hence we have a right to assert the following :— 

If, to our knowledge, a perceptible fraction of the Ys be Xs, and a perceptible fraction be Zs, 
and if the number of Ys be great beyond perception; and if moreover we know nothing, except 
what has just been stated, for or against a Y which is X being or not being Z,—we ought to treat it 
as a moral certainty that some one or more of those Xs which are Ys are also Zs. 

I do not say that the above case is a fair statement of the usual conditions under which 
the syllogism with particular premises appears: nor does it matter to my argument whether it be 
or not. What I say is, that it is a fair statement of the circumstances under which the rejection of 
the conclusion ‘*some X’s are Zs” is ordered to be made in books of logic. 

If « and v be small, the nwmber of places of figures in x, v to 1 being the odds in favour of one 


C ' 43 
or more Xs being Zs, may be stated as the integer next above z pus at least. If s were 1000, and 
C 


1 ; ‘ : 3 
mw and v each raid this would be five; or the odds 10,000 to 1. Calculate more strictly, and it will 


come out nearly 70,000 to 1. If a person then should distribute 100 sovereigns and 100 shillings 
at hazard among a crowd of 1000 persons, not giving any one more than one coin of either sort, it is 
about 70,000 to 1 that he gives one or more of them a guinea. 

But to shew how wide the cases may be, which are equally rejected, let us take the following 
supposition, which perhaps more nearly represents, in many cases, the rationale of the argument. 
Representing all the Ys by aliquot parts of a certain line, it may be supposed that the A’s have 
some connexion of contiguity in time, place, or other circumstance: let it then be a collection 
of successively contiguous Ys which are Xs: and the same of the Zs. The state of the case 
is now as follows. 

There is a line of given length, which we shall take for our unit. Two given lines, each 
less than the first line, are laid down in it at hazard, any one position of either being as likely 
as any other. Let the lengths of the lines be u and y’: it is required to find the probability that « 
and y’ shall not have a part exceeding y in common. 

First, let u +’ be less than 1, so that the lesser lines can be quite clear of one another. We 
are to investigate the probability that they shall be so. Let « be on the left and w’ on the right; 
and let a and ’ be the distances of their left and right extremities from the corresponding ends of 
the unit. We must then have # + 2 + + u’ less than unity, in order that the lines may be clear 
of one another. Now since a may be anything less than 1 — », and a anything less than 1 - p’, 
and all possible positions are equally likely, it will follow that the chances of the lines called # and 
w lying between w and a + da, and a’ and 2’ + da’, will be dv+(1 — w) and da’ + (1 — uv’), and the 
chance of the joint event is 

da. da’ 
(i =n) (l= 2’) 

If we integrate this over all positive values of # and 2’ in which w + 2’ is less than 1 — 4-4, 
we shall have the probability in favour of the two lesser lines having no point in common when p is 
on the left, and «’ on the right. The result is easily shown to be the half of 

(-p-4)? 


G22) ed (1). 
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Consequently, since there is the same probability that they shall have nothing in common when 
u is on the right and p’ on the left, the expression just written is the probability that «4 and y’ shall 
be quite clear of one another. 

The condition that a and a’ shall not have so much as » in common, is expressed by saying 
that w +a’ less than 1 — w — p+ v: v being less than » and than yw’. Hence, by similar reasoning 


Q=u-.-~ +»)? 
(1 - nw) (=) 
is the chance that ~ and «’ have not so much as p in common. 
Under these new circumstances, if « and y»’ be each = -. , the chance that they are clear of one 
another is =. or it is 64 to 17 in favour of it. That is, if a thousand persons were placed in a 


row, and two being selected at hazard, 100 sovereigns were given successively, beginning with the 
first, and 100 shillings successively, beginning with the second, it would now be about 64 to 17 that 
no one received a guinea. 


Section IV. On the Syllogism. 


THERE is much that is elegant and instructive about the theory of the four figures of the syllo- 
gism, three of which belong to Aristotle. And the magic words Barbara, Camestres, &c. are models 
of notation, almost every letter of the moods in the three latter figures being a rule of direction. The 
following old epitaph on a schoolman selects, I think, one of the best parts of the system for ridicule: 


Hic jacet magister noster 
Qui disputavit bis aut ter 
In Barbara et Celarent 

Ita ut omnes admirarent 

In Fapesmo et Frisesomorum 
Orate pro animis eorum! 


In proposing another system of classification, in connexion with the use of contraries, I 
remark, first, that the ordinary method has two points of redundancy. The distinct use of the 
two forms of a convertible proposition, X.Y and Y.X, AY and YX, is made for the system 
of figures, rather than the figures for it. It is desirable I think to confound them as much as pos- 
sible; so that each may never fail to suggest the other. In the next place, if the use of contraries 
be introduced, every one of the twenty-four modes of predicating would claim admission into a 
system of figures, and their number would be increased to thirty-two. 

Again, the first followers of Aristotle, in adopting the rule that no syllogism should be admitted 
in which the conclusion was not the strongest the premises would allow—in rejecting for instance 
“«“X¥)Y and Y)Z therefore YZ,” because X)Z also follows—did not adopt the equally 
obvious rule of admitting no syllogism in which a weaker premiss would lead to as strong a con- 
clusion. They retained, for instance, “‘Y ) X and ¥ ) Z therefore XZ”, though Y) X andYZ would 
produce the same conclusion. Now | think it desirable to adopt the rule of producing the strongest 
conclusion with the weakest premises, not only because it will turn out that by so doing the number 
of forms is diminished, even when contraries are considered, but also because a better and clearer 
distinction is drawn between the necessary and the contingent. 

I also drop the distinction of minor and major terms and premises. Aristotle meant them to 
apply only to affirmative propositions, in which the predicate includes the subject. But the use of 
them was extended, to the utter destruction of the meaning in negative propositions, or worse, to the 

8D2 
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danger of carrying a false meaning to the last named. The consequence of the distinction is that 
these four syllogisms, 


ZX0) YA Jhm \0 ViaZ, xX, )) ¥ 

hips) A DG) 16 P.O) Van 

Lhe PS C4 AGRI ZX 
Figure 2 2 1 4 
Name Camestres Cesare Celarent Camenes 


which are identical in sense and effect, are made separate objects of study. In fact, as is known, all 
the figures are in the first, the fourth being occasionally brought into it by a reduction which deserves 
the name of Barbara in every case, and which the simplest use of contraries avoids. 

For syllogisms I shall adopt such notation as 


Le) Vo) Zi= x0) Ze 
Or if a weaker conclusion be taken, 
X)Y¥+YV)Z>XZ. 


As there are eight modes of predicating between XY and Y, and between Y and Z, it follows 
that there are sixty-four combinations which may give conclusions. Of these, all but eight are 
distributable two and two into counterparts, in which XY and Z are interchanged, everything else 
remaining the same; giving eight single, and twenty-eight pairs of counterparts. Of these, exactly 
half, (four single, and fourteen pairs) are wholly inconclusive. Of the conclusive cases, two single 
ones and two pairs are rejected, because as strong a conclusion can be obtained from a weaker pre- 
miss. There remain two single ones and twelve pairs, to which a systematic classification is to be 
given. Instead of enumerating, I shall state a mode of deriving all the cases from a common 
principle. 

Since every proposition is, but for accidents of language, a universal affirmative, as before 
noticed, it will follow that there are really no forms of syllogism except those in which the 
premises and conclusion are universal affirmatives, or can be made so by use of contraries and 
invention of subgeneric terms. Now the only universal affirmative syllogism is 

9 C0 AA. @) | 
considering the counterpart Z) Y+Y)X=2Z)X as identical in form. f we take universal 
affirmative premises only, we have one which will have a particular conclusion, with respect to 
the names X and Z, 

YEN Ye) Zi "AZ 
which must be used in discovery of forms, (and will in fact give the two single syllogisms of 
this system) though it will only ultimately enter as VY) ¥ + YZ= XZ. Now if we change one 
or more of the terms X, Y, Z into their contraries, we have eight modes of transformation, 
according as we use 


XLY, XZy, a2zy, asY¥, Xs¥, ALsy, aZY, vy: 
First take the -syllogisms 
X)Y¥+Y)Z=X)Z and XY+Y)Z=XZ; 


the latter of which is only the first, with the premiss XX ) Y weakened, and would be reduced 
to the first form by inventing a subgeneric name for the A’s there spoken of. Apply each of 
these to the eight varieties just named, transforming premises and conclusion, when necessary, to 
one of the eight standard forms of predication : 


MG) LA XL ZY MeL ey EXOD AL, GOs 
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To each result I attach a letter of notation, derived from the nature of the conclusion, with 
letters subscript indicative of the premises. Thus 4,, signifies a syllogism with a conclusion 4 
derived from premises of the forms 4 and a. The order of reference is XY, ZY, XZ, the middle 
term being the predicate of both premises in the references. 


Universal Syllogisms. 


First Form. Transformation. Description. 
A)Y+V)Z=X)Z XA)Y+Y¥)Z=X)Z Abie 
X)yty)Z=X)Z igen Ya Ae) Ar, 
vo)y+y)s =a@2)s ¥5) EX > Z))) Ve = Zi) Xe py 
Oo) + V)is= a)s Dat), +L =a) ae a. 
X)Y+Y)s=X)s eG) YZ. = eZ Eup 
A)y + y)xs=X)sx PGE Ces SAIS C72) Ex 
e)Y +Y)Z=2)Z @.yY +Y¥)Z= @.2% Cra 
e)jy+y)Z=2)Z Y)X+ #.y = #.% Cae 


Of these forms four are distinct and the others are their counterparts, Writing each with its 
counterpart, we have 


. Aj, and a,,, 4, and) a, E4, and Ex, €,, and @,,. 
Particular Syllogisms. 

First Form. Transformation Description. 
yD 60) 6) A P.GS AY +Y)Z= XZ Ti, 
Ay+y)Z=XZ GY te ef = eee lo. 
vy + y)e = wx vy +Z)Y= asx iis 
oY + Y)s= ws eGo Ny aged) eg ip ior 
ROY) — ee RL OAD AVE NT Orn 
Ay + yj) = Xs ABV E EE PL NC BaF Oo. 
eY +¥)Z=2Z ¥:X+VY)Z=Z2:X Ova 
ay +y)Z=aZ OY + Soy =o: xX Oie 


But though the eight universal syllogisms are counterparts, two and two, they admit of another 
. division into pairs, in each of which the terms are the contraries of those of the other. Thus 4 ,, is 
connected with a@,4, in this manner, and 4A,, with a,,: and these are counterparts. And Ly, 
and e,, and Hg, and e,,, which are not counterparts, have the same connexion. The eight par- 
ticular syllogisms, which contain no counterparts, are divisible into four pairs with the same 
connexion. Thus J;, is changed into i,,, Zp, into i,p, O;, into 0;,, and Op, into o,,. It is 
also worth notice that when the conclusion is negative, the premises are always of contradic- 
tory forms, and when positive, of consistent ones: and that the substitution of the contradictory 
forms in the premises is equivalent to that of contrary ferms in the conclusion. Thus from 
XY+Y)Z=<XZ; if we substitute contradictories in the premises, we have X.Y + Y: Z, the 
conclusion of which is as. 

Before proceeding further it may be worth while to endeavour to impress the notation upon the 
reader. The letters 4, EL, J, O, have the well-known meanings, thus restricted, that they belong 
to a particular order of the terms, or a particular choice of subject and predicate. Thus, and ¥ 
being the terms, in the order XY, or X being the subject and Y the predicate, the four capitals 
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stand for XY) VY, X.Y (= ¥.X), XV (=YX) and X:Y. And 4, e, i, 0 stand for the same propo- 
sitions when both subject and predicate are changed into contraries: that is, they stand for @ ) y, 

r.y(=y-«), vy (=yx), v:y. In these last, system is sacrificed to simplicity in using Y) X 
and Y:X for «)yand a:y. The following table shows what transformation takes place when the 
terms and orders are successively XY, Xy, wy, wY, VX, yX, ya, Ya. 


XY| Xy | vy | oY |VX|yX | ya | Ya 
A E | a e WT A |e 
O ih 0 i 0 dE O i 
a e A E A e Gi £ 
oe Me Wee Wm Gar betel Stel aaa te ee Nee 
E A e a E a e A 
i O i 0 Ta |< (ow 0 O 
e a | B A e A E a 
i 0 if O |! 70 Clee 


Here we mean, for instance, that E of the order (X, Y) is the same thing as the A of (X, y,) or 
the e of (a, y) &c,; or that ¥.¥, X)y are the same. As to the ¢ of (x, y) it is identically X.Y. 
The eight operations by which the transformations of headings are made are those which I haye 


denoted by L, P, SP, S, T, PT, SPT, and ST, of which the simplest readings are - 
For inconvertibles Z£ PF S F S £ P, 
For convertibles 1h IE NPS IG IP RIE eS 


were the terms YY, YZ, ZX, for the premises and conclusion, and the order of reference 
, ZY, XZ, the notation given defines the syllogism. Thus, valid or not, the syllogism O,, 
can fe nothing but #.y + Z) Y =~ X:Z. In turning the fundamental syllogism into the form 
AX)Y+Y) Be X ) Z, I have altered Aristotle’s order of the premises, which would give Y ) Z 
+X)VY=2X)Z. Reasoning direct from his dictum de omni et nullo, namely, that what is true 
or false of all is true or false of every some, it would seem natural first to ascertain the fact 
relating to the whole, and then to introduce the part which is to be considered. But in another point 
of view it may be more natural to reverse this order. If there be three boxes P, Q, and R, of 
which I want to ascertain by means of Q whether P will go into R, it seems to me more natural to 
try first whether P will go into Q, and then whether Q will go into R. But if the question be 
whether R will hold P, then perhaps it may be more natural to try first whether R will hold Q, 
and then whether Q will hold P. It must be mere matter of opinion which should be taken; and 
the idioms of the language which people speak produce the associations on which they will decide. 
The syllogisms which we have got as yet, four universal and eight particular, contain all those 
of Aristotle. Six of them indeed are enough for this purpose: that is to say, every syllogism of 
Aristotle is either one of these six, or one of them with a premiss converted or strengthened, or both. 
The six really distinct syllogisms of the old system, with the order XZ established in the conclu- 
sion, are as follows, with the scholastic names of the forms which they have or can be made to have: 


Ay  *)¥+Y)Z=X)Z | Barbara, 
Tig | XY +V)Z= XZ | Darii, Darapti, Disamis, Datisi, Bramantip, Dimaris. 


Eur ACN GORA VE OCG SL Celarent, Cesare, Camestres, Camenes. 

On 206 CBT ip VAS 8 Lh | Ferio, Festino, Felapton, Feriso, Fesapo, Fresison. 
Oo, | X:¥Y+Z)VY=X:Z | Baroko. 

Or. | VY)X+V¥:Z=X:Z | Bokardo. 
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If we wish to have a notation which neglects the premises, we may call these 4, J, E, O,, O., 
O;,, which may be separated into two connected sets, thus. The contradiction of a conclusion 
coupled with either premiss must give the contradiction of the other premiss. It will be found that 
if we call A, O,, and O, opponents, and also E, I, and O,, each syllogism can be produced from 
either of its two opponents, by coupling the denial of their conclusions with the affirmations of 
their premises. 
The six new syllogisms, reduced to the same order, will be 
An, | Vt S-y = X)Z 
tia ey Z)Y 
To, | X:Y48.y = XZ 
tor Ver eXG pa 2) ee — eee 


aw +Y¥)Z= @.% 


I 
8 
x 


0. @.9 + sy =X2Z. 


The correlation of these two sets is by no means simple. Before examining it, observe that an 
interchange of X and Z, though it alters A into a and O into 0, does not alter E and J, nor e and j, 
The counterpart of a syllogism, made by this interchange, is represented by simply inverting the 
letters of the premises, and interchanging A and a, O and 9, in the letters of the conclusion. Thus 
the counterpart of i,g is ig,: that of Ap, is @,,- Now if we take the six Aristotelian sy}lo- 
. gisms, and make all the changes, and tabulate the results, we shall have as follows: 


XYZ «YZ ayZ ayx 2¥ex XYx Xyx XyZ 


A Aa Cea Cae Ana aE E AE ND EA A Ee 
I,, oa %ie tia tog Org Ooa Toe 
Exp Gen Baa Cae Cea Axa Ag, Ea 
Orn tor lia Vie a I la To. Ooa 
Oox ti ion a %e Toe Ii, Or 
OS ino ty 0) ORT Ty I.0 04 


The syllogisms written under each heading* are those which that written under the first 
becomes, when the variation shown in the heading is made. Thus if XY and Z be changed into 
x and x, O;, becomes o,,, or 


AY+Z.Y=X:Z becomes e¥+2%.Y=a:2, or Y:X¥+V)Z=Z: X. 


The new syllogisms have their letters in Italics. Each form, old or new, or its counterpart, 
occurs four times: but though the first column contains old syllogisms only, there is no column 
which contains none but new ones. So that it cannot be said that the new syllogisms are, on any 
one hypothesis, views of the old ones: though, in the column ry Z, five of them are so, 

The following are the sets of opponents in the old and new system. 


Old system Ay, Oo4 Ono Ex:x Om 


New system 4, Ig. tox | Ou tia 


e 


ea 


* The order of the headings follows a recurring law, the next the same process, and then forwards and so on until 2° have been 
step of which would give YYZ again. If there be any odd num- made. Thus, if there were five, the changes would be made thus, 
ber, n, of assertions, any one or more of which may be changed | 0 indicating no change, 0, 1, 2, 3, 4, 5, 4, 3, 2, 1, 2, 3, 4, 5,4, 3, 2, 
into its contrary, giving 2” varieties, all the varieties may be gained | 1,2, &c. In the case of three, it is 
as follows : write them in order, change the first, in that the second, 0 1 2 3 2 1 2 3 2 


in that the third, and so on to the end. Then go backwards with  yYZ x¥Z xryZ xyz «2¥= XVz Xyz XyZ| XYZ 
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But we have not yet closed our investigation; for we have to examine the remaining syllogism 
of universal premises, or VY) ¥ + Y) Z= XZ. If we go through the cases, in the last order of 
headings, we shall find as follows. 


First Form. Transformation. Deseription. Remarks. 
Y)X+YV)Z=XZ OW ELS VNO\ iS AGL live Derived from J,, 
Y)e#+Y)Z=2Z VG ACIS I) 4S BAG Ona SbONGU DOSE One 
yu +y)Z=aZ Y-G) i) CE ard ARG O4e sc0000e50000. Wy, 
ye + ¥)® = ve AG) Varo) a= ae ty Not yet obtained 
Y)a2+ Y)2 = ae LAG TEES ES ORY ter Derived from i,, 
FB) XG) \ sien VB) XG GL XG eZ, Ore meee eee On 
Y)X+ Y)s = Xz y.u +Z)VY=X:Z Ova SaconNadsane O; 

« y)X+yY)Z=HXZ Yt +y.8 = XZ ce Not yet obtained. 


The derivation here mentioned is merely strengthening a premiss. We thus obtain the only two 

remaining forms 
bas XO) OY Zs) = ee y.aur+y.2= XZ. 

These cannot be derived from the twelve previously established by strengthening a premiss, 
though their equivalents (the other six) can. These two last syllogisms differ from all the rest in 
having no counterparts, and may therefore be called single syllogisms. 

. The old rules are of course true as to the old syllogisms: but most of them are inapplicable to 
the new ones. Particular premises, indeed, never gave a conclusion, as yet: but premises both nega- 
tive may, and in the case of 7,,, the middle term is universal in neither premiss. Again, both premises 
may be negative, and may give a positive form of conclusion. The following rules, however, will be 
found to hold good. 

From premises both particular, nothing follows. The middle term cannot be particular in both, 
except in i4,: nor can its contrary be universal in both, except in 7,,. One negative premiss 
always yields a negative conclusion, and two negative premises an affirmative. When one 
premiss is particular, the conclusion is particular. When e is in the premises the conclusion is 
never in 7. 

I now take the two cases in which particular premises may give a conclusion: namely 


ee Xa Zi XZ, XGY. VT, eee GO 


on the suppositions that the Ys mentioned in both premises are in number more than all the Fs. 
If Y, and Y, stand for the fractions of the whole number of Ys mentioned or implied in the two 
premises, and y, and y, for the fractions of the ys implied or mentioned, we shall by a repetition of 
the process on VX + YZ = XZ (the other being obtained in the course of the process) arrive at the 
following results or their counterparts: remembering that Y, + Y, is greater or less than 1, accord- 
ing as y, + y» is less or greater. (See the Addition at the end of this paper.) 


Designation. Syllogism. Condition of its validity. 
dr VANS eV Zi Xe, Y, + Y> greater than 1 
01, VOCE ABSA P.GRIG SG bnoddosunsbaadc00cuK" : 
isn ) a, Ge) ay kaa Ye Se On sosaa ess CCO Da oCo: 
0,: XG Va ty i NZ, Y, + Y, less than 1 
15; iO SYS, St EE siole\ oiele o\atelclatalelelatefolelorots 
06; MG YS) = XZ SapBogacbHncOs00can05 


Liar PG) EOSIN EE PSL soredelalateotlelersierstele(steistata 
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There are many remarks to be made on the demonstrative connexion of the parts of this system 
with one another, and on the explanations in general language of the new varieties of syllogism. 
The length of this paper, however, is a sufficient reason for stopping here with the formal part of 
the subject, and proceeding to the consideration of the probabilities of argument and authority. 


Section V. On the Application of the theory of Probabilities to questions of Argument 
and Authority. 


Wrirers on: logic have made no effort to apply the mathematical theory of probabilities to the 
balance of arguments; for we can hardly call by that name the simple statement that the pro- 
bability of the conclusion of a syllogism is the product of the probabilities of the premises. How 
far this is correct will appear in the course of the present section, which is intended to investigate the 
manner in which the probability of a conclusion is to be inferred from opposing arguments and 
authorities, of which the several probabilities are given. 

Conclusions which are not absolutely demonstrated are established in our minds on two distinct 
bases, argument and authority. Even if there be appeal to authority in establishing the 
premises of an argument, the distinction is in no degree lost. This we shall see as soon as the 
terms are defined. 

Argument is an offer of proof, and its failure is only a failure of proof: the conclusion may yet 
be true. Authority is an offer of testimony, and its failure is a failure of truth: nothing can 
furnish absolute reason for distrusting the authority on future occasions except the proof that the 
conclusion asserted is false. A person who had made a hundred assertions, all supported by 
inconclusive arguments, but all of which turned out to be frue, would give a very high authority 
to his hundred and first assertion. 

We have an unfortunate use of language in the mathematical application of the word pro- 
bability. We say that small probability and great improbability are identical terms ; which is not 
true in their common meaning. In fact, a@ being what we call the probability of an event, a — } is 
what we ought to call by that name: and if a—4 be negative, we ought to call +- a the 
improbability of the event. It would not be wise to introduce the same inaccuracy in the use of the 
word authority: accordingly, « being the chance that an assertion of an individual, made on the 
best of his knowledge and belief, is true, I shall call « the value of his testimony. When u 
exceeds 4, I shall say that he is authority for the conclusion. And, measuring absolute authority 
by unity, I shall take 2 —1 as the measure of his authority, which is against the conclusion, if 
24—1 be negative. Again, if p be the number of times his testimony is given to a truth for once 
which it is given to a falsehood (which we may call his relative testimony), and if a denote his 
authority, we shall have the following equations, which will all be useful : 


-— 1 
eae eos! 
pt+l 
a l+a 
We pee esa 
l+a Pp 
[I  e 
2 pti 


In forming our opinions upon argument, we are told to leave authority altogether out of sight, 
and to consider only what is said, not who says it. It was Bacon, I believe, who first said that 
assertion is like the shot from the long bow, the force of which depends upon the arm which draws 
it; while argument is like the shot from a cross bow, which a child can discharge as_ well 


Weis MADRS Aes 3006 SE 


- 
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asaman. But the simile is as inapt as the recommendation it contains is unwise ; for the endeavour 
is to hit the mark, not merely to fire a shot: and the bow which most often succeeds in doing that 
is the best. Closely examined, this direction to dispense with authority amounts to requiring 
us to suppose that the proposer of an argument is as often right as wrong, and wrong as right, in 
his conclusions. But what can be the wisdom of making believe that a person tells us ten truths to 
ten falsehoods, if we know it for a fact that he tells us nineteen truths to one falsehood? If 
absolute demonstration be given, no rule is necessary, for we cannot attend to authority. If some- 
thing very near to demonstration be given, no rule is practically necessary, for we have what is called 
moral certainty. 

But, it may be said, why not throw away authority altogether? I answer that it is impossible : 
and that any one who forms an undemonstrated conclusion independent of the authority of others, 
can only do it by assuming some value for his own. All arguments, and all balance of arguments, 
will leave three possible cases, Either one or more of the arguments for the conclusion will prove 
it, or one or more of the arguments against will refute it, or all the arguments are inconclusive. 
The conclusion is proved, disproved, or left neither proved nor disproved. But it is not one of the 
three, true, false, or neither true nor false: it must be either true or false. And the mind must 
come to some conclusion upon this point: it must, so to speak, distribute the inconclusiveness of 
the arguments, in some way or other, between belief and disbelief. In whatever way this is done, it 
amounts, as we shall see, to some assumption as to the authority either of the proposer or of 
the receiver, or of some third person, or of all together. 

There is but one way in which we can really deprive the proposer of an argument of any 
authority; and that is, by depriving him of any peculiar authority. If Newton propose an 
argument, to the conclusion of which Halley assents without knowledge of the argument, we have a 
right to allow it to be reasonable that the argument should lend the same force to the conclusion as if 
Halley had proposed it, and Newton had assented, also without knowledge. Admit this, so far 
as the premises do not depend on the authority of the proposer, and we admit all the separation of 
argument and authority which is practicable. 

A conclusion is usually opposed, in argument, to what logicians call the contradictory, which 
must be true if the conclusion be false, and vice versd. It is not often that it is opposed to 
the contrary, which must be false when it is true, but not vice versd. I shall first consider the 


proposition and its contradictory, as to authority, as to argument, and then as to the two in 
combination. 


Pros. 1. Required the joint value of authorities the separate values of which are given. 


Let the first authority be one of the testimony p, or of m truths to m errors, « being 
m+(m+n). Let pw’, m’, n’, take the place of u, m, in the second authority: and soon. Now 
since the conclusion asserted cannot be true on one authority and false on another, our position with 
respect to the conclusion is as follows: We have an urn of m white and m black balls, another of 
m’ white and »’ black, &c. from each of which we have to draw. The balls however are not free, 
but are connected by such mechanism that no ball will leave its urn unless a simultaneous effort be 
made upon one of the same colour in every urn. Now the number of ways of choosing one white ball 
out of each urn is m m' m”,,.; and of choosing one black ball 2 ’ 2’.... Hence the united testi- 
mony for the conclusion is 

mmm”... : : nnn’... 
and against 16 (———— 
mmm ...+NnNn... 
= me rm Fray rey Tiles ) a a —p) q —h)O = ihe eas 
mae... +(1 — m4) (1 —p)(1—4”)... 


TT, FAT 
mmm ow +MNN .Q.L.- 


ppp... + —4) (1 —e) (1)... 


If a=2u-—1, &c. we have for the joint anthority expressed in terms of the separate 
authorities, 


AND THE PROBABILITIES OF AUTHORITY AND ARGUMENT. 395 


(l+a)(l+a)(l+a’)...-(l’-a)(1-a)(I - a’)... 
(1 +a)(+a)(1 +a’)... + (1 —-a) (-a)(Qi - ri) ee ; 

If p =»+(1—u) &c., we find that the joint relative testimony is the product of the separate 
relative testimonies; which is the easiest way of expressing the result. ‘Thus two authorities 
of 3 and 4 truths to one error, amount to one authority of 12 truths to one error. 

I need hardly say that the preceding conclusions are verified by their giving such results as the 
following ;—that if one of the authorities be absolute, the joint authority is the same; that any 
number of testimonies, each without authority either way, gives no authority either way: that 
inauthoritative testimonies do not affect the authority of the rest; and so on. : ; 

Problems of the preceding character are usually solved by the inverse method; or by the 
determination of the probabilities of precedent states from an observed event. Others have noted, 
I suppose, what has often struck me, namely, that the arrangement of conditions into an observed 
event and its precedents, is sometimes made in a very indirect and unnatural manner. There 
are however two classes of problems which give the same results: each inverse problem has a direct 
problem of the other class connected with it. For instance, there are m and m’ white balls, and 
nm and 7’ black balls, in two urns. A white ball has been drawn; what is the probability that the 
first urn was that which held it? The answer is well known to be 


m(m' +n’) divided by m(m' +n’) + m'(m +n). 


Now take the following problem. The black balls are absolutely fixed in the urns; and the white 
balls are so connected that one will come out of neither, except when a white ball is touched in both, 
which will only set free one, say the one which was touched first. With one hand in each urn, not 
knowing one from the other, the chance of bringing out a white ball from the first urn (if we 
try until a ball comes from one or the other) is the same as that above, namely, that a ball drawn 
white was in the first urn. These two problems are really the same; the first says that a white ball 
has been drawn, the second that a white ball must be drawn. And precisely the same sort and 
amount of reflexion which must be employed to make this sameness apparent, must also be employed 
before the problems above alluded to will lose that indirect and unnatural appearance to which 
T have referred. It should also be noticed, that any problem on an event to come may, by supposing 
the event to have happened, not being yet known, be made a problem of inverse probabilities. 


Pros. 2. Supposing the authorities to bias one another, required the method of allowing 
for the bias. 


When one authority expressly cites and defers to another, he does not thereby diminish his 
own authority. For what we want to know of him is simply the value of his assent, which, unless 
we have some specific reason, we have no more right to suppose less than his average when he judges 
of another, than we have to suppose it greater. And, in fact, there are men who are better authori- 
ties as to their judgment of others, than as to what they propose themselves. Neither, for a sinilar 
reason, does it diminish the value of the second authority, that the conclusion asserted never would 
have been known to him had it not been for the first. What we want to account for here is 
undue bias, which I define to exist when there is a proportion of the conclusions of the second 
authority which are no better for his testimony than they would have been if the first alone had 
asserted them. The case of a number of authorities would lead to a complicated result. Suppose 
three, the values of whose testimonies are p, »’, «”; and let X’ and \” be the probabilities that the 
second and third are unduly biassed by the first. Then the value of the joint testimony is 


pp” 
an” i a = ) a =e 


” ’ ” rere , ” 
Ne Min ss (LE pe SS ee ars (hae) 
ee BA — py e) 
ind ee Be 
pap” +(1—p) (1-4) - 2’) 


SE2 


+(1 —X’) (1 - 2’) 
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If there be only two authorities, the formula is reduced to 


/ 

pp 
peer yp — 
De ina +(i1—p») (1-2) 


+) 


for the joint testimony, and the joint authority is 


ata’ —2)a’' (1 —-a) 


1+ aa’ 


Had it not been for the bias asserted, the authority would have been (a + a’) =(1 + aa’). When 
a +a’ is positive and a’ negative, the joint authority is the greater for the correction of the bias. 
This is as it should be; for the bias is then that of contradiction, and tends, until corrected, 
to lessen the joint authority. I have only entered thus much into this part of the subject, merely 
to show that the results of the preceding mode of treating the problem are confirmed by those 
of common sense. 


Pros. 3. To determine the joint effect of a number of arguments, the validities of which 
are given, some for a conclusion, and some for its contradictory. 


By the validity of an argument, I mean the probability that it proves its conclusion. ‘The 
argument being of a conclusion which is legitimately inferred from the premises, it is absolutely 
valid, if all the premises be true: and what is here called its validity therefore means the product of 
the probabilities of all the premises. Let a, a’, a”, &c. be the validities of the several arguments 
for the conclusion, and 6, b’, 6”, &c. those of the arguments for the contradiction. If one argument 
on either side be valid the conclusion of that argument is established. Hence the joint validity 
of the arguments for is that of an argument whose validity is 


1 —(1—a)(i -a’)(1 - a’)... or Sa— daa + Saga —... 


which is the probability that one or more of the arguments for proves its conclusion. Similarly the 
arguments against amount to an argument the validity of which is 


1-(1-5)(1-6)(1 - 3’)... or Bb —>'bb' + Bbb'b" - ... 


And having thus shown how to reduce several arguments of the same kind to one, we may now 
proceed as with one of each sort. If the process now coming be applied to several arguments 
of each kind, the result obtained will, as we might predict, verify the correctness of the preceding 
compositions. 

Let there be then one argument of the validity a for, and one of the validity 6 for the contra- 
diction, or against. Let the argument for, be as a drawing from an urn in which there are M valid 
and N invalid cases: let that against, be as from another in which there are P valid and Q invalid 
cases. Of course M: N::a:1—a and P:Q::6:1-—6. If either argument be valid the 
other must be invalid. Now it does not follow that if the argument for be valid, and be the case 
marked, say 1, the invalid argument against may be any one of the cases 1, 2, 3... up to Q. For 
it may happen that each particular mode of succeeding in one argument must be necessarily connected 
with some particular mode or modes of failing in the other. To represent this, let us separate the 
three cases, and assume as follows: 


1. When the argument for is valid and that against invalid, let it be that M =m, +m,+..., 
Q=9,+ @+.---, and that when the first succeeds in one of the m, ways, the second must fail in one 
of the gq, ways; and the same of m, and q., m; and q;, &c. 


2. When the argument against is valid, and that for invalid, let N =, + m+..., 
P=p,+ p.+... with the same connexion. 
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3. When both arguments are invalid, let N = nn; +7,'+..., Q= q+ q: +... with the same 
connexion. 


It is now clear that the number of compatible cases, in which the argument for is valid, must be 
mq; + M,q.+... or mq. Similarly, Zap and Yn'q’ are the numbers of cases in which the 
argument against is valid, and in which both arguments are invalid. Hence we have for the 
probabilities of the three cases, namely, that the conclusion is established, that the contradictory is 
established, and that the arguments are inconclusive, the following expressions : 

=mq Snp =n’ 
=mq + inp +2Tn'q’’ =Imq + Enp + Enq’ =mq + Enp + En'q” 

To solve the question in the most general manner, would require that we should combine 
the preceding results in all cases, that is, for all values, and all subdivisions, of M, N, P, Q. 
Without attempting such generality, I may make the following observations. From what takes 
place in other similar questions, it is highly probable we should find the result of this combination 
either to agree with that in which any of the M cases may occur with any one of the Q cases, &e. 
or to approximate to such an agreement as M, &c. are increased without limit. Next, that this 
agreement actually takes place, when all the subdivisions are the same aliquot parts of their wholes. 
With these presumptions, I content myself with their result, which amounts to supposing that any 
one of the M cases may enter with any one of the Q cases, and so on. The probabilities then are, 
for the three cases above-mentioned, 


MQ Same ob Lo 
MQ + NP + NQ’ MQ+ NP + NQ’ MQ +NP+NQ’ 
a(i — b) b(1 — a) (1 — a) (1-)) 
Rae vin = ie abed on 


The third term is the chance of inconclusiveness, which necessarily renders this case indefinite: and 
all we can say is, that the chance of the truth of the conclusion is 
1 — 
1—ab 
where the value of \ cannot be determined from argument (for all the arguments are used in 


determining a and bp). 
When the arguments are of equal force, or @ = 6, we have 


fa+dA(1-a)}, 


a a l-—a 


ila ea inna 
Hence a+(1 +a), which represents the probability that a verified conclusion was derived from 
an argument of the validity @ rather than from demonstration (when it must have been one 
or the other), also represents the success of an argument of the validity @ against an argument 
of equal force on the other side. 

So far as an argument is not demonstrative, it must rest on authority, including under that word 
the authority of the recipient himself. Now a is in fact the testimony to the validity of the argu- 
ment on one side, and 6 to that on the other. If these were testimonies to the truth or falsehood 
of the conclusion, the joint testimonies to the truth and falsehood of the conclusion would then be 


a(i — b) b( - a) 
a(i — b) + 6(1 = a)’ a(1 — b) + b(1 — a)’ 
which, since @ +b —ab must be less than unity, are necessarily greater than the two first of 


the three expressions. Or, if we attempt to consider argument entirely without reference to any 
authority except that for the premises, the absolute testimony to the truth or falsehood of the 
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conclusion thus obtained is not so great as would be obtained from testimonies to the conclusion as 
strong as those to the validities of the arguments. 


Pros. 4. Given a number of arguments for a conclusion and for its contradictory, and 
also a number of authorities, all of given probabilities ; required the resulting probabilities for the 
conclusion and for its contradictory. 


Let a@ and b have the meaning of the last problem, and let » be the testimony which the joint 
authorities give for the conclusion and against its contradictory. Let @ and 6 be represented by 
urns of m and p valid cases, and m and q invalid ones; and let » be represented by an urn of 
» truths and w falsehoods. Then there are mqv cases in which the argument for is valid and the 
conclusion true; pw cases in which the argument against is valid and the conclusion false; nqv 
cases in which both arguments are invalid and the conclusion true; qw in which both arguments 
are invalid and the conclusion false. And these are all the possible combinations. Hence the 
probability that the conclusion is true nust be 


(m + n)qv (1 — b)p 


(m + n)qv + (p ~ q)nw ie ‘a — b)p+(1—-a) (1-2) 


and the probability that the conclusion is false must be 


ogee a pes Gre a)(Qi - Mm) 
(m+ n)qv +(p+q)nw QQ —b)n+(1-a) (1-2) 


To show the accordance of these formula with common notions, observe that they give the first 
four of the following results : 


i. In an impossible conclusion (or when » = 0) the first expression vanishes: or no argument, 

however strong, can give any probability to an impossibility. 
3 ‘ ' 0 

If » = 0 and a =1, we have incompatible hypotheses, and the expressions take the form —. 

2. If @=1, the conclusion is certain: or absolute demonstration establishes its result, in 
spite of any amount of authority against it. 

g. If there be no authority, or if « = 4, then the probability of the conclusion is 

1-6 
Orta 


and hence counter-arguments of equal strength, applied with no authority, give no authority to the 
conclusion. 


4. If a=6, the probability of the conclusion is 4; or counter-arguments of equal strength 
leave previous authority unaffected. 


5. If a+b=1, the effect of the arguments is simply that of one more authority: and that 
independently of their inconclusiveness, which still remains. 


6. If there be no argument against, or if 6= 0, the probability of the conclusion is not a 
(as stated by writers on logic*, who confound it with the conclusion made valid by the argument) 
Ls 


1 
I when there is no authority. 
a+ (1 =a) (1 — 2) 2-a’ : 


7. When there is no opposition, and no previous authority, any unopposed argument, however 


weak, gives some authority to the conclusion; and every argument, however weak, increases the 
probability derived from previous authority. 


but 


* Myself among the rest. 
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Authority apart, the odds for the conclusion are 1 — 6 to 1 — a. When both arguments are of 
great force, or 6 and a both near to unity, the ratio of the small quantities 1 — 6 and 1 — a, which 
determines the probability for the conclusion, cannot be distinctly apprehended. When, then, there 
is something as near to demonstration on both sides as can be found in a subject which does 
not admit of absolute demonstration, the mind ought not to arrive at any conclusion more favour- 
able to one side than the other. We constantly see the refusal of human nature to acquiesce in this 
reasonable rule, and always with a determination to find out weakness in the argument on one side or 
the other. It must be sometimes true that false conclusions shall be the exceptional cases, in which 
arguments of the highest probability fail. 

It also appears that moral demonstration on one side is not enough, if there be anything 
resembling it on the other. All controversialists admit this in fact, by the stress which they lay on 
answering the arguments of the opposite side. But they frequently do this as if it were a kind of 
surplusage, a charitable (but not in any other sense necessary) allowance for the weakness of those 
who do not see the force brought forward on their side of the question. Whereas it appears that it 
may be perfectly necessary to answer an opponent who admits all they say to the full extent which 
is demanded for it, supposing that to he anything short of absolute demonstration. 


Pros. 5. To ascertain the manner in which the inconclusiveness of the arguments is divided 
by the authorities between the probabilities of the truth and falsehood of the conclusion. 


If we find \ from the equation, 


a aad leg iat Coens (1 — b)p 
1—ab Pog eT Oe ae ayer = ae 
(1+ a)un-a 
we fi = as! ‘ 
ee (i - bn + (1 - a) CG - 2) 
yee E05 


 ' — Bp et (= 8) Up) 


: a < 
From this it appears that \ is negative only when yu is less than aa and 1 —X when uy is greater 
a 


1 . : ; 
than ; In the former case we sce that unless the testimony of authority to the conclusion be 


greater than the success of the argument for the conclusion against a counter-argument of equal 
strength, the probability of the conclusion is less than that of the validity of the joint arguments. 
If there be no authority, or if « = 3, we have 


l-a 1-5 


v= 1-A 


f= 45a TAGS ees we ee 


a result which demonstrates the unmeaning character of the result of Problem 3. For the incon- 
clusiveness is divided between the truth and falsehood of the conclusion in the proportion of the final 
probability of its falsehood to that of its truth. Or the more likely the conclusion is to be false, 
the larger proportion of the inconclusiveness does its truth get. 
But we find 
(Q-b)n 1-—b (i — a) (1 - b) 2u—-1 
f=VjenG@aa)G@aa) t-b+1—-a. b=bti>6 G@=b)e+G—a4)(-2)’ 


which shews the addition made to the probability of the conclusion in passing from the case of argu- 


ments without authority to that of arguments backed by the authority 2u— 1. In the case of 
. 1-6 l—u 
arguments of equal strength, this is » — 4, as it ought to be. When ——— = —— , or when the 


l-a Me 
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invalidities of the arguments for and against are in the proportion of the testimonies of authority 
for and against, the same thing occurs; or the alteration of testimony in the above transition is 
i—tbe l-u 
lies between 1 and ; 
l-—a BB 


more than the alteration of testimony is transferred ; in other cases less. The greatest transference 


exactly transferred to the probability of the conclusion. When 


s I1—p ; 5 rid 5 
is when aw = V( : i; in which case the amount of probability transferred is 
fA 


9 
= eae! 
is . 
ee ro 2) 
It appears from what precedes that in the formula, the invalidity of the argument against, 
1—b, enters for the conclusion, and the invalidity of the argument for, 1 — a, enters against the 


conclusion, precisely in the same manner as the testimony for it, », and that against it, 1-4. If 


1—5b : ; . l=@ 
then we call ——_——_ the festimony of argument for the conclusion, and ——_—__—— that 
1-b+1-a E 1-b+1-a 


against it, just as we call ~« and 1—« the testimonies of authority for and against: and if also we call 
he 
1—a 
saying that the joint relative testimony of the combined arguments and authorities is the product of 
all the separate relative testimonies, both of arguments and authorities. 

It must be observed that the mode of entrance of the testimonies of argument makes it follow 
that if, after obtaining a result from certain arguments and authorities, we use the probability 
obtained as a new authority, in combination with additional data,—the final result will be the same 
as if we had collected all the arguments separately and all the authorities, and then proceeded as in 
Problem 4. This follows from the property of the functions p+(p + p’) and p’+(p +p’), which 
contain a mode of composition in which the order of the processes is indifferent, and their partial 
collection allowable. If we denote the preceding functions by [ p] and [p’], we have 


[Lpllglj=(pa). Clee]7] =[pqr] &e. 


When there are any number of arguments for, of validities a, a’, a’, &c., the chance that one or 
more are valid is 1— (1 — a) (1— @) (i- a") ..., and the testimony of argument against the conclu- 
sion is (1 -—a@)(i- a’) (1 -a’) divided by (1 -@)(1-a’)...+ (1-5) (1-6) +... Hence, the 
arguments against having the validities 6, b’, &c., and the authorities for and against being u, 
uw, &e., and 1-4, 1—y, &c., and A being the probability for the conclusion derived from the 
whole of the data, the principle of relative testimonies may be expressed thus : 

A = Marble u uw p” 


eee, at SES eae are 


the relative testimony of the arguments: then we may express the result of Problem 4 by 


PROC OIC Mt Ss a i er OOO 


ashes Spr ih pk” 
or as follows ;—let the probabilities of the conclusion, derived from the several arguments backed 
by no authority, be considered as testimonies of authority to the conclusion, and used as in Pro- 
blem 1. 

It may happen that, besides the validity a, obtained directly from the premises, there is sepa- 
rate testimony of authority to the validity of an argument. Let it be €: then instead of a must be 

a 

sed E —-, 

af+0-a 0-8) 

I now return to the question of the dismissal of authority, which was partially entered on at the 
beginning of this paper. I assume that the mind will form an opinion upon any proposition which 
is laid before it. Even if the assertion were in a sealed packet, with no reason whatever to suppose 
it one rather than another of all that could possibly be made, an opinion would be formed as to its 
truth namely, that it is an even chance whether it be true or false. And this opinion is a just one; 


u 
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for, since every assertion has its contradictory, and one of these two must be true and one false, 
it follows that the numbers of possible truths and falsehoods must be equal. When the packet is 
opened, this opinion will probably change: duly, in a manner depending upon previous associations 
of knowledge, or unduly, from what are then properly called prejudices. That every mind must 
form some opinion, may almost be concluded from the notorious fact that most minds, indeed nearly 
all uneducated ones, have little power except of absolute belief, or absolute unbelief. Their reason- 
ing power is a spirit-level in awkward hands; the bulb is always at one end of the instrument or 
at the other. Now when it is recommended to dismiss authority, or to allow no authority, I appre- 
hend that the advisers are not aware that they are promoting the specific plan of assuming that the 
proposer of the argument is a person of ten truths to ten errors. They rather wish to dismiss fesfi- 
mony, which it is clear, if it be that a conclusion must be formed, cannot be done. 

Nor is it by any means true that the proper way of doing without authority is to assume the 
measure of authority = 0. If we wish to find the value of an argument, be the authority what it 
may, or as if the authority be unknown, we must allow for the effect of any possible authority, put- 
ting every value on equal terms with the rest. Let du be the chance that the testimony of authority 
lies between « and »+dy, then the chance of the conclusion being true concomitantly with the 
authority lying between » and uw + du is 

@ = b) Mh dus 
(1 6)m+@-a)(0=y)’ 
which, integrated from « = 0 to 4 = 1, gives for the probable truth of the conclusion 


r log r 1—6 
~ t= | where r = ——— 


pel i= 


If we assume that the chance of the testimony lying between » and uw + dy is M pudu, 
where M is the reciprocal of |ig@uda, we have for the probable truth of the conclusion 


uf rupudp 
otMe+tl—-z ; 


aud some other supposition except du =1, is absolutely necessary: it is absurd to suppose equal 
chances for all values of the authority; to take the unknown proposer for instance, to be just as 
likely to be infallible as to be of no authority at all. What form should be assumed for pu must 
be matter of opinion. If it be desired to try it on the supposition that » is most likely near to some 
specific value A, then, m and m being two integers in the proportion of \ and 1— A, the assumption 
py =p" (1 — «)" will represent the hypothesis, if m and x be considerable. And the greater m 
and m are taken, the smaller the chance that the testimony differs from \ by so much as a given 
quantity. 

To give a case somewhat more like the proper notion of human authority than that in which all 
values of the testimony are equally probable, let us take gu=u(1-4), M=6. The above 
integral then becomes (after multiplication by M), 


r al 9 Po .* © 3 
Gin {6rlogr+2+ 3r—6r° + rt. 
If r =.1 this becomes 4, as we might expect. 


In the above conclusions, 7 is the relative testimony of the argument, on the supposition of no 
authority. If p be that of the authority, the joint relative testimony to the conclusion is rp: let 
us now see how far this is affected in the case of a moral certainty by the supposition that the chance 
of the testimony of authority lying between » and u + du is u”(1 — p)"du, where m=+(m + m) is the 
previous fixed value of u. Now we have 

rape 7 i a a ‘ ‘ pits (1 Se i pr 7G = 2) sae le 1 pre 2) 

Ar yes Us r : r roruo+il—-p ; 
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And M is [{m+n+1]+[m].[m], where [m] means 1.2.3...m. If the probability required 
be denoted by P,,,, we have, multiplying by Mdy and integrating from « =0 to u = 1, 
(7 +2)(7 +1) 1) (m4 8) (2 +2) (m +1) 1 
m (m - 1) Pom (m —1)(m—2) Ye 


mt+i1 


1 
124 m n = 1 * ‘i 
, , 


m=3, n+3° 
m 


Now P,,-35 +3 is less than unity, so that if r be considerable, any degree of approximation may 
be obtained by this method, carried to more terms if necessary, and if the value of m will permit. 
Take the first three terms: then if the testimony of authority were given = m—(m +7), instead of 
being most likely to have something near that value, the approximation to P,, ,, would then be 


n 1 n® 


1 
re 


Subtract the second from the first, and we have 
1 3mn +2m4+n? 1 
"mr om (m—1) 
Write (m +n) and (m+) (1-4) for m and n, and we have, supposing m and m +m con-—- 
siderable numbers, 
, i ft, CeeD Gay) 
“m+n lar a er ie 


nearly. 


Except then when » is very small, the principle of relative testimonies is sufficiently accurate, 
in the case above supposed, taking for the testimony of authority the most probable value of that 
testimony. 


Pros. 6. Given arguments and authorities for a proposition and for its contrary, required 
the probability for the truth of each proposition, and for the falsehood of both. 

The contrary is thus distinguished from the contradictory: both the proposition and the con- 
trary may be false, though both cannot be true: while either the proposition or its contradictory 
must be true. As far as the arguments alone are concerned, the problem is that of Problem 3: for 
either one of the arguments is valid and the other invalid, or else both are invalid. But there is a 
difference in the meaning of authorities; for, » being the testimony to a proposition, 1 — 4 is not 
necessarily the testimony to its contradictory. Let ,» and vy be the testimonies of authority to the 
conclusion and its contradictory, and a and 6 the probable validities of the arguments. There are 
then five cases, two favourable to the truth of the proposition, two to that of the contrary, and one 
to that of the falsehood of both; 1. The argument for may be valid, in which case the proposition is 
true, the contrary false, and the argument against invalid. 2. The argument against may be valid, 
in which case the contrary is true, the proposition false, and the argument for invalid. 3. Both 
arguments may be invalid, and the proposition true. 4. Both arguments may be invalid and the 
contrary true. 5. Both arguments may be invalid and the proposition and contrary both false. 
Treating these in the manner in which the preceding problems have been solved, and which it is now 
unnecessary to repeat, we have the following expressions for the probability of the proposition, of 
its contrary, and of both being false, 

(1-b)(1-») a (1-a) 1-4) v — G-a) (1-6) 0-4) -v) 
(1-b)(1-v)4+C-a)-)u+(1-a)(1-b)-“)-v) -b)-v)u+1-a)-n)v+(1-a)(1-b) (1-4) -») 1-b)(1-»)u +1 -a) d-p ut -a)(1-b) 1 -)(1-¥) * 
If there be no authorities, or if » = v= 4, these become 
1-5 l-a (1 -— a) (1 —b) 
b= 6d —a+.(1—14)( =2), Vb pl aa a) ), oe ea ee 


If the arguments be of equal strength these become 
1 1 l-—a 


eae sas Say 
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np ek Veet : , 0 ; 
except when a=1 (an absurdity in this case), in which they take the form Fe But we get this 


result, that if (1 — 6)+(1 - a) =p, then the more nearly the arguments become demonstration, the 
more nearly is it certain that either the proposition or its contrary must be true, the probabilities 
for one and the other being as p(1 — v)m and (1—,)v. This is a singular result: for, since of 
two exceedingly strong arguments, one on each side, one must be invalid, it is not easy to explain 
from a@ priori notions why there is so great a probability that one or the other must be valid. 
That it is so appears from the probabilities of the validities* of the two arguments, and of the 
invalidity of both, namely, 


a(1— 5) " b(1 - a) (i - a) (i — 54) 
a(1—b)+b(1-a) + (1-4) (1-6) a(1—b) +b(1—a) + (1—a) (1-6) a(i—b) +6 (1—-a@) + (1-a) (1-8) | 
in which p : 1 is the limiting ratio for the probabilities of the two validities. The same remark 
may be made with reference to the authorities: when two very high authorities affirm contraries, the 


higher the authorities the more likely is it that one or the other is right. 
When there is no argument for the contrary, or b = 0, the three expressions become 


(1-») (l-a)(Ql-#)y ___(A-a) -#) (1-») 
(1-¥)m+(1-a)(1-#)»+(1-a)(1-#)(1-¥) (1-v)4+(1-a)(1-#) 9+ (1-a)(1-4)(-¥) (1-¥)#+(1-a)(1-) 9+ (1-a)(1-#)(1-v)’ 


when there are no authorities these become 


1 l-a l-a 


>] 
8-—2a 3—2a°’ 


or when an argument is proposed, simply, the chance thereby given to the contrary is the same as 
that of neither being true. 


It will seem strange at first, that the probability for the conclusion is not a for it will be 


said, an argument and none for the contrary, is precisely the same position as an argument and none 
for the contradictory. But the suppositions as to authority are different. Looking to authorities 
only the chances of the three cases are 


n=») v(- 1) Q-G-) 
u(l—-v)+v(l—p)+ (1-4) (1-v)’ w(1—-v) +v(l—p) + (QQ—p)(-v)’ u(l-v) +v(Q—2)+(1-p)-v) ; 
and in the case of no authorities, there is the chance 3 for each of the cases. Now in treating the 
contradictory the testimony of no authority is 3. 

Let us now suppose that there is authority for each of the three cases, and also argument, or 
generally, let us take the following problem : 


Pros. 7. Let there be a dilemma of any number of horns, one or other of which, but 
only one, must be true; required the probabilities of the several horns, arguments and autho- 
rities being given for each. 


Let a, b, c, &c. be the probable validities of the several arguments, jn, v, &, &c. the testimonies of 
authority. This problem, treated as before, gives the following result. Let 


y=(1-6)(1—-c)...nQ—-»+)-&) +0 -a)(1-e)... 1-4) v(1-&)... 
+(l-a)(i-})...(i-p) (1 -v)E... 


then the probabilities of the several horns containing the truth are 


* I should have made this remark before, in regard to the contradictories, but for having written the denominator in the transforme 
shape 1—ad, I have always found the best rule to be, never perform operations in denominators. 
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(1-1) Q-0) MOV) = 8) =a) (1-0) oo Dow) AB) oe 1a) (1=B) = (= NE 
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This problem contains all that have gone before, except the second. But this may not be appa- 
rent at first. In fact, if I had commenced this paper with the general case now in hand, and had 
then descended to the particular cases, the method of descending might have appeared exceptionable, 
requiring the authority of an independent consideration of the particular results arrived at. Suppose 
a dilemma of two horns, such as a proposition and its contradiction. If the testimony of authority 
for the proposition be 1, there is in this case the testimony 1 — » implied for the contradiction. But 
this does not enter the formula: it is only the form belonging to the case of what is virtually repre- 
sented in the general formula above, namely, that there is the testimony 1— implied in favour of 
one or other of the horns following the first, because there is the testimony » given for the first. 
No express testimony is given to the contradiction: so that it enters with the testimony 4. And if 
there be only two horns, and the testimonies be and 4, it will be found that the preceding expres- 
sions agree with the answer to Problem 4, There was no need in that case to suppose testimonies 
and p, because, as the testimony to each horn is a definite testimony to the other, they would but 
have amounted to a joint testimony for the proposition. 

If we want the case of the last problem, we have to take three horns, making e= 0 and &=4. 
Or we may if we like suppose argument and testimony offered for the third case, namely, that both 
the proposition and its contrary are false. 

If we wish to construct the general case upon the supposition that no one need be true, all we 
have to do is to add one more horn with an argument 0 and a testimony 4. 

The easiest way of representing the result of the general case is as follows. Let 4,, represent 
the probability of the m horn from argument only, and M,, the same from authority only. We 
have then (using a, a, &c. and pw, p, &e.), 


1 Pon 
1—4a, 1— gp, 
A,, = ; = M,, = -—— 
> > Km 
1-4, l= 
A, M. 
and the probabillty of the m horn is ——“—"—. 
3 : = (4, M,) 
1 By : oa 
The term 4,,M,, or a =a may be called the exponent of probability of the m' case : 
— an — Bm 


and the probability of that case is its exponent divided by the sum of all the exponents. This 
exponent is proportional to the number of balls in the urn the exits of which are favourable to the 
case. It is the product of two relative testimonies, that of the authority, and that of the argument 
alone, to establish the conclusion against its contradictory, that is against everything opposed to it. 

Now suppose a complex dilemma of this kind, namely, that m of the horns, neither more nor less, 
must be true, and the rest false. An examination of this problem leads to the following result. 
The product of the exponents of any m cases, divided by the sum of the products of all the 
exponents, m and m together, is the probability that the m cases chosen are the true ones. Hence 
can be readily found the probability that any one case is among the true ones. If there be four 
cases, for instance, of which two must be true, and if e,, e., e;, €,, be the exponents, the probability 
that the first case is true is 


e€,(@, + 3 + &) 
0,0. + C1€g + C0, + Cn€x + C2@, + C22, 
3 4 3 4 3% 


If it should be that m cases or fewer, but not more, may be true, then the probability that any 
m — p cases and no others, shall be true, is the product of the exponents of those m — p cases, divided 
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by 1 + De, + Zee, + Lee, + ... + Lee, ...€,, the 1 being omitted if all cannot be false. The 
various restrictions which might be imposed, as that only an even number can be true, that no two, 
three, or any number of contiguous cases can be true together, &c. &c. may be easily contained under 
this one rule. In every set of cases that can be true together, multiply together the exponents of 
those cases; the product is the numerator of the probability that those cases only are true, and 
the sum of all the products is the denominator. 

This rule applies to one case which we have not yet considered. When several arguments were 
proposed together, all for, or all against, a conclusion, it was supposed that they were perfectly 
independent. But it may happen that two or more arguments are so connected that some must be 
valid together and invalid together, or that some are valid when others are invalid, and vice versa. 
or that the validity of one makes another valid, but the invalidity of the first has no influence on the 
validity of the second. All these cases, and a great number of others, including in fact, under one 
view or another, any question that may be proposed, may all be solved by the following Rute. 

There is any number of events, each of which may happen in any number of ways, the separate 
probabilities of which are given, but so connected that there are specific necessary coincidences, 
or failures of coincidence. Take all the combinations which can happen, and compute the 
probability of each combination, as if its events were entirely unconnected. The resulting products 
are proportional to the probabilities of the several cases arising. 

Thus, if there were three urns, the first giving white, black, or red (with chances w, 6, r) ; 
the second white or black (with chances w’,b’) ; the third white or black (with chances w’, b”), but so 
connected that black cannot be drawn from the first, nor white frony all three, nor red from the first 
except when different colours come from the second and third, and it be required to find the chance 
of having a red ball, we proceed thus. Enumerate the possible cases, which are WWB, WBW, 
WBB, RBW, RWB, and the probability of a red ball is 


r (bw + wb’) 
w(w'b” + bw" + bb") + r(b'w" + wb") 


I have taken such an example, because it seems as if the condition that a black ball cannot be 
drawn from the first is equivalent to taking away those black balls, in which case the chances 
of the others cannot be w and r. But if the black balls be previously removed, then for w and r 


— P and —, which will not affect the formula. In the same way any addition 
of other coloured balls, with the condition that they cannot be drawn, though it will affect the 
probabilities of the independent events made use of in the solution of the problem, will not affect 
the ratio which expresses the final result. 

I have given so many proofs of particular cases of this principle that it is not necessary 
to say any thing on the general proof. But [I shall observe that the circumstance noticed in 
combining argument and testimony, namely, that instead of the validity of an argument entering for 
the conclusion, the invalidity enters against,—is an immediate application of the preceding rule. 
For it is not the validity of an argument which is necessary to the truth of a conclusion, but the 
invalidity of it which is necessary to its falsehood. Thus, in Problem 4, the necessary cases are, either 
1. Argument against invalid, and testimony for true, giving (1 — b)u; or 2. Argument for invalid, 
and testimony against true, giving (1 — a) (1 —y). 

The application of the principles on which the preceding rule is established, would, I suspect, 
give much clearer views of many problems than the ordinary method of employing inverse con- 


we must write 


siderations. 


A. DE MORGAN. 
University College, London, 
October 3, 1846. 
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ADDITION. 


Sixcr this paper was written, I found that the whole theory of the syllogism might be deduced 
from the consideration of propositions in a form in which definite quantity of assertion is given 
both to the subject and the predicate of a proposition. I had committed this view to paper, when I 
learned from Sir William Hamilton of Edinburgh, that he had for some time past publickly taught 
a theory of the syllogism differing in detail and extent from that of Aristotle. From the prospectus 
of an intended work on logic, which Sir William Hamilton has recently issued, at the end of his 
edition of Reid, as well as from information conveyed to me by himself in general terms, I should 
suppose it will be found that I have been more or less anticipated in the view just alluded to. To 
what extent this has been the case, I cannot now ascertain: but the book of which the prospectus just 
named is an announcement, will settle that question. From the extraordinary extent of its author’s 
learning in the history of philosophy, and the acuteness of his written articles on the subject, all who 
are interested in logic will look for its appearance with more than common interest. 

The footing upon which we should be glad to put propositions, if our knowledge were minute 
enough, is the following. We should state how many individuals there are under the names which 
are the subject, and predicate, and of how many of each we mean to speak. Thus, instead of ‘‘Some 
Xs are Ys,” it would be, ‘* Every one of a specified Xs is one or other of 6 specified Ys.” And the 
negative form would be as in “ No one of a specified Xs is any one of b specified Ys.” If propo- 
sitions be stated in this way, the conditions of inference are as follows. Let the effective number 
of a proposition be the number of mentioned cases of the swhject, if it be an affirmative proposition, 
or of the middle term, if it be a negative proposition. Thus, in ‘ Each one of 50 Xs is one or other 
of 70 Ys,” is a proposition, the effective number of which is always 50. But ‘* No one of 50 Xs is 
any one of 70 Ys” is a proposition, the effective number of which is 50 or 70, according as X or Y is 
the middle term of the syllogism in which it is to be used. Then two propositions, each of two 
terms, and having one term in common, admit an inference when 1. They are not both negative. 
2. The sum of the effective numbers of the two premises is greater than the whole number of exist- 
ing cases of the middle term. And the excess of that sum above the number of cases of the middle 
term is the number of the cases in the affirmative premiss which are the subjects of inference. ‘Thus, 
if there be 100 Ys, and we can say that each of 50 Xs is one or other of 89 Ys, and that no one of 
20 Zs is any one of 60 Ys ;—the effective numbers are 50 and 60. And 50 + 60 exceeding 100 by 
10, there are 10 Xs of which we may affirm that no one of them is any one of the 20 Zs mentioned. 

The following brief summary will enable the reader to observe the complete deduction of all the 
Aristotelian forms, and the various modes of inference from specific particulars, of which a short 
account has already been given. 

Let a be the whole number of Ys; and ¢ the number specified in the premiss. Let ¢ be the 
whole number of Zs; and w the number specified in the premiss. Let 6 be the whole number of 
Ys; and w and v the numbers specified in the premises of # and x. Let X,Y, denote that each of 
+ Xs is affirmed to be one out of w Ys: and X,: Y, that each of ¢ Xs is denied to be any one out 
of uw Ys. Let X,,,, signify m Xs taken out of a larger specified number 2: and so on. Then the 
five possible syllogisms, on the condition that no contraries are to enter either premises or conclusion, 
are as follows :— 


AMES Ai REY fall ipl AAR CARRE Ne: 
9. SOV VIZ. aN 4 ees ee 
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The condition of inference expresses itself; in the X,,, of the conclusion, m must neither be 
0 nor negative. The first case gives no Aristotelian syllogism; the middle term never entering 
universally (of necessity) into any of its forms, under any degree of specification which the usual 
modes of speaking allow. The other cases divide the old syllogisms among themselves in the fol- 
lowing manner: they are written so as to show that there is sometimes a little difference of amount 
of specification between the results of different figures, which amount may change in the reduction 
from one figure to another. ‘The Roman numerals mark the figures. 


2. %?=a, v=b Wey iZatt NG) Vo Xa) Ze Barbara I. 
G=a,01—0 AY YY, 4 i) 2, = Lp Bramantip IV. 
b<a, v=6 Wa) Zier eke exp Aae, Darii I. 
Ga. 0= 0 Ps Gy) uncon) A) Arya Dimaris IV. 

3. u=b, v=b Pye EY 2, = Ze i ri Darapti V1. 
w<b, v=b | OD RES We ie fa | Disamis III. 
w=b, v<b VON: Gye) Sy Ze Sa ae Cp | Datisi ILL. 

4. tea, v=b,we=e | VA, Ek i= Me Celarent I. 
(eth O25 M6 Vip Sts FO) i) pee Qe A Cesare II. 
=a, 0=5, w=c BOO AES AY GP PIS eG Camestres II. 
t=a,v=b, w=c XG) ee Po Buss Zi Camenes IV. 

v=6, W=0 VA Dy AG Ce HRS, Ferio I. 
o=b, w= e FL; pO FRO, ARS Festino II. 
t=a, v=), PNG OVA EN Gia a G Baroko 11. 

5. w=6b, v=6, w=c Y.Z2+Y)X%,= X,,:2 | Felapton II. 

u=b, v=b, w=c Z.Y¥Y + VY) X= X,.: 2 Fesapo IV. 
v='>, w=C Y.Z2+ YX, = X22 Feriso III. 
v=), w= Cc VLD) ARE I AP. EI. ROA Fresison IV. 

U= b, w=c Y,:2+Y)M,= X,.:Z Bokardo III. 


This system is complete in itself, if contraries be excluded. That in the body of this paper is 
also complete, if all specification be excluded, except which is contained in the usual words some and 
all. An attempt to combine the two systems would be useless, because its forms of expression 
would not be those of common language. For instance, the following must be one form of an 
affirmative proposition in the combined system ‘Of ¢ Xs and ¢ ws every one is one or other 
of uw Ys and w' ys.” It would be useless to investigate the conditions of inference as to forms 
which are not those of speech in any language. 

But at the same time there is a certain approach to the preceding forms, if we take in not 
merely the logical force of our common propositions, but also what is usually implied. He who 
says, “ Some Xs are Ys,” is generally held to mean that the other Xs are not Ys. The complex 
syllogisms, in which the alternatives left by the common forms are supposed to be definitely settled, 
are worthy of attention: and their theory is as follows. 

With respect to the name Y, the name XY may be of seven different kinds, distinguishable with- 
out numerical specification. These are as follows: neither term containing the whole universe. 
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(1.) The two terms may be identical, or Y) X and X)Y. Let this be denoted by D. 
Taking the order XY, we have, to constitute D, the proposition A, a. And denoting coexistence by 
+, as before, we may write D = 4 + a. 

(2.) X may be entirely contained in, but not repletive of, Y, or we may have X ) Y and Y:_X. 
Let X be now called a subidentical of Y, and let D, denote this form, We have then D = A +0. 

(3.) X may entirely contain Y, and more; or Y) X and X:Y. Let X be now called a 
superidentical of Y, and let D’ denote this form. We have then D’ = a + O. 

(4.) X may be the contrary of Y, both together filling up the universe of the proposition with- 
out anything in common; or X.Y and a.y. Let this form be called C: we have then C = E +e. 

(5.) X and Y may have nothing in common, but may not together fill up the universe of the 
proposition; or AX”. Y and wy. Let them be called subeontraries, and let C, denote this form. 
We have then C,= E +i. 

(6.) Xand Y may have something in common, and may together fill up the universe; or XY 
and w.y. Let these be called swpercontraries, and let C’ denote the form. We have then C’ = e + J. 

(7-) Each of the two may have something in common with the other and something not in 
common, both together not filling up the universe; or XY, wy, X: VY, Y:X. I cannot propose 
any name for this case with which I am in any degree satisfied: but as all the particular forms 
are here concerned, I will for the present call X and Y in this case complete particulars each of the 
other. Let P represent this form; we have then P=J+O+4i+ 0. 

In arranging for a syllogism, let the order be XY, ZY, XZ, the conclusion being described by 
what YX is as related to Z, X coming from the first premiss ; and both terms of the conclusion being 
described with respect to the middle term, Y. On examining the cases in which complete premises 
give a complete conclusion, I find as follows. 

1. If one of the concluding terms be a complete particular of the middle term, there is no 
complete conclusion except when the other concluding term is either identical with or contrary to 
the middle term. And then each concluding term is a complete particular of the other. 

2. The following table shows the result of all the other cases. 
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This is a table of double entry, in which from the description of XY and Z with respect to Y, we 
see set down that of X with respect to Z, when one can be affirmed: and, when nothing can be affirm- 
ed, all that can be denied, in parentheses. Thus, if X be a supercontrary of Y, and Za subcontrary, 
X must be a superidentical of Z. But if X and Z be both subidenticals of Y, it may be denied that 
X is either the contrary or a supercontrary of Z. 

I will not lengthen this addition by putting down in words all the rules which are expressed in 
the preceding table. 

A. DE MORGAN. 
University College, London, 
February 27, 1847. 


XXX. Supplement to a Memoir On some Cases of Fluid Motion. By 
Gerorce G. Sroxes, M.A., Fellow of Pembroke College. 


[Read Nov. 3, 1846.] 


Ix a memoir which the Society did me the honour to publish in their Transactions*, I showed that 
when a box whose interior is of the form of a rectangular parallelepiped is filled with fluid and made 
to perform small oscillations the motion of the box will be the same as if the fluid were replaced by a 
solid having the same mass, centre of gravity, and principal axes as the solidified fluid, but different 
moments of inertia about those axes. The box is supposed to be closed on all sides, and it is also 
supposed that the box itself and the fluid within it were both at rest at the beginning of the motion, 
The investigation was founded upon the ordinary equations of Hydrodynamics, which depend upon 
the hypothesis of the absence of any tangential force exerted between two adjacent portions of a fluid 
in motion, an hypothesis which entails as a necessary consequence the equality of pressure in all 
directions. The particular case of motion under consideration appears to be of some importance, 
because it affords an accurate means of comparing with experiment the common theory of fluid 
motion, which depends upon the hypothesis just mentioned. In my former paper, I gave a series 
by means of which the numerical values of the principal moments of the solid which may be substi- 
tuted for the fluid might be calculated with facility. The present supplement contains a different 
series for the same purpose, which is more easy of numerical calculation than the former. The com- 
parison of the two series may also be of some interest in an analytical point of view, since they appear 
under very different forms. I have taken the present opportunity of mentioning the results of some 
experiments which I have performed on the oscillations of a box, such as that under consideration. 
The experiments were not performed with sufficient accuracy to entitle them to be described in 
detail. 


The calculation of the motion of fluid in a rectangular box is given in the 13th article of my 
_former paper. I shall not however in the first instance restrict myself to a rectangular parallelepiped, 
since the simplification which I am about to give applies more generally. Suppose then the problem 
to be solved to be the following. A vessel whose interior surface is composed of any cylindrical 
surface and of two planes perpendicular to the generating lines of the cylinder is filled with a homo- 
geneous, incompressible fluid; the vessel and the fluid within it having been at first at rest, the 
former is then moved in any manner; required to determine the motion of the fluid at any instant, 
supposing that at that instant the vessel has no motion of rotation about an axis parallel to the gene- 
rating lines of the cylinder. 


I shall adopt the notation of my former paper. u, v, w are the resolved parts of the velocity at 
any point along the rectangular axes of x, y, x. Since the motion begins from rest we shall have 
udx +vdy + wdzx an exact differential dp. Let the rectangular axes to which the fluid is referred 


* Vol. VIIL, Part I., p. 105. 
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be fixed relatively to the vessel, and let the axis of w be parallel to the generating lines of the cylin- 
drical surface. The instantaneous motion of the vessel may be decomposed into a motion of transla- 
tion, and two motions of rotation about the axes of y and x respectively; for by hypothesis there is 
no motion of rotation about the axis of a According to the principles of my former paper, the 
instantaneous motion of the fluid will be the same as if it had been produced directly by impact, the 
impact being such as to give the vessel the velocity which it has at the instant considered. We may 
also consider separately the motion of translation of the vessel, and each of the motions of rotation ; 
the actual motion of the fluid will be compounded of those which correspond to each of the separate 
motions of the vessel. For my present purpose it will be sufficient to consider one of the motions of 
rotation, that which takes place round the axis of x for instance. Let be the angular velocity 
about the axis of x, w being considered positive when the vessel turns from the axis of w to that of 
y. It is easy to see that the instantaneous motion of the cylindrical surface is such as not to alter 
the volume of the interior of the vessel, supposing the plane ends fixed, and that the same is true of 
the instantaneous motion of the ends. Consequently we may consider separately the motion of the 
fluid due to the motion of the cylindrical surface, and to that of the ends. Let @, be the part of 
due to the motion of the cylindrical surface, @, the part due to the motion of the ends. Then we 
shall have 


Consider now the motion corresponding to a value of @, way. It will be observed that way 
satisfies the equation, ((36) of my former paper,) which @ is to satisfy. Corresponding to this 
value of p we have 


U=0Y, V=wt, wW=0. 


Hence the velocity, corresponding to this motion, of a particle of fluid in contact with the cylindrical 
surface of the vessel, resolved in a direction perpendicular to the surface, is the same as the velocity 
of the surface itself resolved in the same direction, and therefore the fluid does not penetrate into, 
nor separate from the cylindrical surface. The velocity of a particle in contact with either of the 
plane ends, resolved in a direction perpendicular to the surface, is equal and opposite to the velocity 
of the surface itself resolved in the same direction. Hence we shall get the complete value of @ by 
adding the part already found, namely way, to twice the part due to the motion of the plane 
ends. We have therefore, 


p = way + 2h, =2h, — waxy, by (1)...-0.--- eee eee nocton ©). 
Sd 51D, 5— p10. MY waver oe eniailee'e Say cave chee ?qeaeie att) = 


Hence whenever either @, or @, can be found, the complete solution of the problem will be 
given by (2). And even when both these functions can be obtained independently, (2) will enable 
us to dispense with the use of one of them, and (3) will give a relation between them. In this case 
(3) will express a theorem in pure analysis, a theorem which will sometimes be very curious, since 
the analytical expressions for @, and @, will generally be totally different in form. The problem 
admits of solution in the case of a circular cylinder terminated by planes perpendicular to its axis, 
and in the case of a rectangular parallelepiped. In the former case, the numerical calculation of the 
moments of inertia of the solid by which the fluid may be replaced would probably be troublesome, 
in the latter it is extremely easy. I proceed to consider this case in particular. 


Let the rectangular axes to which the fluid is referred coincide with three adjacent edges of the 
parallelepiped, and let a, 6, c be the lengths of the edges. The motion which it is proposed to cal- 
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culate is that which arises from a motion of rotation of the box about an axis parallel to that of z 
and passing through the centre of the parallelepiped. Consequently in applying (2) we must for a 
moment conceive the axis of x to pass through the centre of the parallelepiped, and then transfer the 


a b 
origin to the corner, and we must therefore write w (« - <) (y ~ 5) for wxy. In the present case 


the cylindrical surface consists of the four faces which are parallel to the axis of a, and the remain- 
ing faces form the plane ends. The motion of the face wy and the opposite face has evidently no 
effect on the fluid, so that @, will be the part of @ due to the motion of the face wx and the opposite 
face. The value of this quantity is given near the top of page 133 in my former paper. We have 
then by the second of the formulz (2) 


pe B22 ae hk ay 
8wa* 5 1 (e* Shey To ke | an eu 1) ire naw a hb 
a = 02708 —-wi{v—-- | ee oe t 
; Pa ay ad EL a ( 3) ly 3) (4), 
Ae 
the sign =, denoting the sum corresponding to all odd integral values of x from 1 to <. This 


value of @ expresses completely the motion of the fluid due to a motion of rotation of the box about 
an axis parallel to that of x, and passing through the centre of its interior. 
Suppose now the motion to be very small, so that the square of the velocity may be neglected. 


Then, p denoting the part of the pressure due to the motion, we shall have p = — pf. Also 


: shee . ; 
in finding oe we may suppose the axes to be fixed in space, since by taking account of their 


motion we should only introduce terms depending on the square of the velocity. In fact, if for 
the sake of distinction we denote the co-ordinates of a fluid particle referred to the moveable axes by 
x, y', while &, y denote its co-ordinates referred to axes fixed in space, which after differentiation with 
respect to ¢ we may suppose to coincide with the moveable axes at the instant considered, and if we 


oe 


denote the differential coefficient of @ with respect to ¢ by (<2) when a, y, ¢ are the independent 


dp 


variables, and by aF when a’, y’, ¢ are the independent variables, we shall have 


ee =a dp dw dp dy’ _do LA dy * 


- = +uU—+v— ; 
RE eT Ce a a he 
d d d 
for a if mean absolutely the same as =< -. and are therefore equal to «, v respectively. 
dx @ : 
da’ ‘ly’ ' , ae : 
Now yar gee depending on the motion of the axes, are small quantities of the order w; their 


values are in fact wy, — wa; so that, omitting small quantities of the order w*, we have 


=) _ do 
(3 ality 
d 
We shall therefore find the value of p from that of @ by merely writing — p Be for w. In order 


“ It may be very easily proved by means of this equation, | effect on the motion of the box as the solid of which the moment 
combined with the general equation which determines p, that | of inertia is determined in this paper on the supposition that the 
whether the velocity be great or small the fluid will have the same motion is small. 
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to determine the motion of the box it will be necessary to find the resultant of the fluid pressures on 
its several faces. As shown in my former paper, these pressures will have no resultant force, but 
only a resultant couple, of which the axis will evidently be parallel to that of x. In calculating 
this couple, it is immaterial whether we take the moments about the axis of », or about a line 
parallel to it passing through the centre of the parallelepiped: suppose that we adopt the latter 
plan. If we reckon the couple positive when it tends to turn the box from the axis of « to that 


of y we shall evidently have — Hh is Poza (2 - | deds for the part arising from the pressure on 


c b ae 
the face wx, and iB | (y = 5) dydzx for the part arising from the pressure on the face yz. 


It is easily seen from (4) that p,_,=—p,y, and p,_, = — py.» 80 that the couples due to the pres- 
sures on the faces wz, yx are equal to the couples due to the pressures on the opposite faces 
respectively. In order, therefore, to find the whole couple we have only got to double the part 
already found, As the integrations do not present the slightest difficulty, it will be sufficient to 


d 
write down the result. It will be found that the whole couple is equal to =C— > where 


pabe .. Od parc 1" li—renus 
C= PE S30) P= re eee (5). 
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4 
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This expression has been simplified after integration by putting for =, 
It appears then that the effect of the inertia of the fluid is to increase the moment of inertia 

of the box about an axis passing through its centre and parallel to the edge ¢ by the quantity C. 

In equation (40) of my former paper, there is given an expression for C which is apparently very 

different from that given by (5), but the numerical values of the two expressions are necessarily 

the same. If we denote the moment of inertia of the fluid supposed to be solidified by C, we 

abe : 
shall have C, = an (a? +b*); and if we put 


a C 
re al =f(r), 
and treat (5) as equation (40) of my former paper was treated, we shall find 


eee eee eee 


1 
f(r) =(1 + 7°)-? §1 — 87° + 27° (1.260497 — 1.254821 20 versin 20,)} (6), 


” 
where, tab. log tan 6, = 10 — .6821882 — . 
r 


The equation (6) is true, (except as regards the decimals omitted,) whatever be the value of r; 
but for convenience of calculation it will be proper to take r less than 1, that is, to choose for a 
the smaller of the two a,b. The value of f(r) given by (6) is apparently very different from 
that given at the bottom of page 134 of my former paper, but any one may easily satisfy himself 
as to the equivalence of the two expressions by assigning to r a value at random, and calculating 
the value of f(r) from the two expressions separately. The expression (6) is however preferable to 
the other, especially when we have to calculate the value of f(r) for small values of 7. The 
infinite series contained in (6) converges with such rapidity that in the most unfavourable case, that 
is, when r=1 nearly, the omission of all terms after the first would only introduce an error 
of about .000003 in the value of f(r). 
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For the sake of showing the manner in which f(r) alters with 7, I have calculated the following 
values of the function. The expression (6) shows that f’(r) =0, when r=0; and f’(r) is 


also =0 when r =1, since ‘ht (-) =f (7). 


r 


0.1655 


0.1565 


The experiments to which I have alluded were made with a wooden box measuring inside s 
> 


inches by 4 square. The box weighed not quite 1]b., and contained about 44.1bs, of water, s 
that the inertia of the water which had to be overcome was by no means small compared with that 
of the box. The box was suspended by two parallel threads 3 inches apart and between 4 and 
5 feet long: it was twisted a little, and then left to itself, so that it oscillated about a vertical 
axis midway between the threads. The points of attachment of the threads were in a line drawn 
through the centre of the upper face parallel to one of its sides, and were equidistant from the 
centre. The weight of the box when empty, the length and distance of the threads, the time 
of oscillation, and the known length of the seconds’ pendulum are data sufficient for determining 
the moment of inertia of the box about a vertical axis passing through its centre. When the 
box is filled with water the same quantities determine the moment of inertia of the box and the 
water it contains, whence the moment of inertia of the water alone is obtained by subtraction. It 
is suposed here that the centre of gravity of the box coincides with the centre of gravity of its 
interior volume. In the following experiments a different face of the box was uppermost each 
time. In Nos. 1 and 2 the long edges of the box were vertical, in Nos. 3 and 4 they were hori- 
zontal. In all cases the inertia determined by experiment was a little greater than that resulting 


from theory: the difference will be given in fractional parts of the latter. The difference was 


F il. ee AE oh : 
a in No. 1, aa in No. 2, = in No. 3, and Sap No. 4. On referring to the table at the end 


of the last paragraph, it will be seen that the ratio of the moment of inertia of the fluid to what it 


would be if the fluid were solid is about three times as great in the last two experiments as in the 
first two. 


I had expected beforehand to find the inertia determined by experiment a little greater than 
that given by theory, for this reason. In the theory, it is supposed that both the fluid itself and 
the surface of the box are perfectly smooth. This however is not strictly true. The box by its 
roughness exerts a tangential force on the fluid immediately in contact with it, and this force 
produces an effect on the fluid at a small distance from the surface of the box, in consequence of 
the internal friction of the fluid itself. We may conceive the effect of this force on the time of 
oscillation in a general way by supposing a thin film of fluid close to the surface of the box to be 
dragged along with it. Consequently, the moment of inertia determined by experiment will be a 


little greater than it would have been had the fluid and the surface of the box been perfectly 
smooth. 
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These experiments are sufficient to show that in the case of a vessel of about the size and shape 
of the one I used, filled with water, and performing small oscillations of the duration of about 
one second, (as was the case in my experiments,) the time of oscillation is not much increased by 
friction; at least, if we suppose, as there is reason for supposing, that the effect of friction does 
not depend on the nature of the surface of the box. They are not however sufficiently exact to 
allow us to place any reliance on the accuracy of the small differences between the results of 


experiment, and of the common theory of fluid motion, and consequently they are useless as tests 
of any theory of friction. 


G. G. STOKES. 


XXXI. On a New Notation for expressing various Conditions and Equations 
in Geometry, Mechanics, and Astronomy. By the Rev. M. O'Brien, late 
Fellow of Caius College, Professor of Natural Philosophy and Astronomy 
in King’s College, London. 


[Read November 23, 1846.] 


Tur notation Dw’. u, the meaning and use of which is explained in the following pages, denotes 
a line of a certain length perpendicular to the lines denoted by the symbols w and u’. It is derived 
from the consideration of the rotation of a rigid body, in which the line zw is fixed, about the line w’, 
being, in fact, the differential coefficient of w with respect to the directions of the axes of co-ordi- 
nates, the line «’ being constant, as will be explained. 

It will be found, that this notation and a corresponding notation, Au’.u, have several 
important properties, that they express with great simplicity several conditions and equations in 
various parts of Mathematics, and especially in Mechanics, and that they simplify in a remarkable 
manner several complicated investigations. 

The present paper contains an explanation of the meaning of the notation, and its application to 
Statics, and to the determination of the Rotation of a rigid body about its centre of gravity. 


Of the Notation Dw.u. 


1. Let us assume the symbols a, 3, y to denote the lines OA, OB, OC, each a unit of 
length, drawn from an origin O at right angles to each other, so forming a 


Fig. 1. 
system of three rectangular axes. Tet wv, y, » denote any three abstract . Gigot) 
numbers; then wa, y, xy will denote three lines, drawn along (or parallel | 
to) the three axes, and numerically equal to a, y, * respectively. p 
Let OP be any line drawn from O, and let us assume the symbol wu to 
denote OP in magnitude and direction; then, if aa, yB, xy be the co-ordinates Pa 
of P, we have, according to well-known principles, ) 
u=aat+yBt+2zy..... aeacurall ly: 3 yA 
| eee 
We shall now suppose that the axes OA, OB, OC are capable of motion +) ' 


about the point O, always however remaining at right angles to each other, 
We shall also suppose that w, y, x are not affected by this motion, or, in other words, that the 
position of P relatively to OA, OB, OC, does not alter. In fact, we assume that the point P and 
the axes OA, OB, OC are fixed in a rigid body which is capable of motion about the point O. 

Let § denote any indefinitely small displacement arising from a motion of this kind; then from 
(1) we have 

ou=ada + YOR + xOry «0.00... apse noncsnaoer Fa (S) 

Now, since a is invariable in length, da denotes a displacement of the point 4 at right angles to 

OA: for, let OA’ be the line denoted by a+06a; then, since 


OA = 04 + Ad’, we have a+ cda=a+ dd, and therefore (Fig. 2.) =k: 
da = AA’. But, since OA’ = OA (a being invariable in length), @ —————____ 

and since the angle O is indefinitely small, 44’ is perpendicular to -->--——_________ 

OA. Hence da denotes a displacement of 4 at right angles to OA. e 
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In like manner 68 and dy denote displacements of B and C at right angles to OB and OC 
respectively. 

2. Let the displacement da be resolved into two others, (Fig. 3.) / 

Ac and Ab’, of which Ac is parallel to OB, and Ab’ to CO. 
In like manner let 8 be resolved into Ba parallel to OC, and 
Be to AO; and let dy be resolved into Cb parallel to OA, and 
Ca to BO. 

Also let us denote the numerical magnitudes of these re- 
solved displacements by e¢, b', a, c, b, a’, respectively. 

Then, since 0.4, OB, OC always remain at right angles to 
each other, it is evident that a =a’, b=b’, andc=c’'. Hence, 
giving these displacements their proper signs of direction, 
namely 3, -—y, Y, —@ @ — 3, respectively, we have, 


da = Ac + Ab’ = Be — yb 
OB = Bat Be = ya —ac prereset reese scence ee (3). 
dy = Ch + Ca =ab—- Ba 


The quantities a, 6, ¢ here denote any arbitrary numerical differentials. 


Making these substitutions in equation (2), we find, 
ou = (#b —yc)a+ (we — 2a) B + (ya — wb)y......... (4). 


3. Now it is evident from the nature of the motion which 6 denotes, that dw represents an 
indefinitely small line at right angles to w; therefore, if \ be any numerical arbitrary quantity, hou 
will represent any line (not necessarily small) at right angles to w. The sign 0 therefore, written 
before w, changes w into the symbol of a line at right angles to uw, and therefore has somewhat the 
sane effect as the sign N/a ly Oye ©)E Since however there may be an infinite number of 
different perpendiculars to ~, it remains to put the sign Xd in such a form as shall indicate 
what particular perpendicular Xdw represents. We shall do this in the following manner. 


4. Multiplying (4) by A, and putting Aa =a’, \b= yy’, Nc = &, we find 
Nou = (xy — ey) a + (as' — az) B + (ya — ya) ¥y...... (5). 


Now it is evident from this expression, that Xdw vanishes when vw =a’, y=y', x= 2%’; in other 
words, if we assume 
eh ; , 
w=aaty Bt zy, 
6 Q A ° 
it follows, that \éw = 0, when w = wu’. Therefore \dw denotes a differential* of w taken on the sup- 
position that 2’ is invariable. 


On this account we shall replace \d by the sign D,,, defining D,, to denote a differential taken 
on the supposition that w’ is invariable. We eae fens 


Du = (zy— xy) a + (v2 — a'z) B + (ya'- ya) y. 
If we interchange a, y, x, and a’, y’, x’ respectively, this equation becomes 
Dw = (xy -— xy')a + (vx — a2’) B + (ya - yr’')y. 


Hence we find, that 
D w= — Du. 


From this equation we may shew that the operation D,, is distributive with respect to w that 
is to say, that 


* Meaning by the word differential here any quantity proportional to an indefinitely small difference. 
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D,, u (w) = Du _ Du ; 
for we have 


D,, y @) = - D, (w+ u’), 
—- Dw Diu" 
= Du+D,u. 


The operation D,, is therefore distributive with respect to w’. 

To indicate that D,, is distributive with respect to w’, we shall elevate the subscript index w’, 
and write it in the same line as D, putting a dot between w’ and the symbol on which the operation 
is performed; that is to say, we shall write 


Du'.u instead of Dw. 


5. Having thus settled the form of the notation, we shall now interpret the meaning of the 
expression for Du’. u, namely, 


Dw'.u = (xy'— xy) a + (wx — az) B + (ya'- y'a) y ... 2-2-6); 

from which, as we have seen, immediately follow the two equations 
Dat —a— Dusters. ose eke ads anasiooll) 
D(w'+ u").u= Dw.u + Du’. u......... (8). 


ist. To determine the direction of the line Du’. w, let 


Du.u=vat+yB+2%,y, 
and therefore, by (6), 


; 

1h zy 1 zy 

Y= UR — WB) vecedacecesesarsceves (9) 
, 

z= yuv-ya 


From these equations we have immediately 
Ver+yyt+s,s=0, 
vty y+ 2,2 =0 
Whence it appears that the line drawn to the point («,y,,) from O, is at right angles to the line 
drawn to (wy) and the line drawn to (2'y'x’); in other words, Dw’. uv is at right angles both to x 
and «’. This determines the direction of the line Dw’. w. 


2ndly. To determine the magnitude of Dw’.u, let r,, 7, and r’ denote the magnitudes of Dw’. u, 
u, and w’ respectively, and let @ be the angle made by w and zw’: then, by the equations (9), 


2 St Nip? FIED UREN fig FEES gf REE tA) (ari! Dan seine 
or tyr + v2 = (a? + y+ s*) (we? t+ yy? te") - (ert yy tery, 


or 7? = rr’? — (rr’ cos @)’, 
and therefore’ x)= 77° sin 0 .......2. 0. 0see0e: (10). 


Hence the numerical value of the line Dw’. « is the product of the numerical values of the lines 
w and 2 multiplied by the sine of the angle they make with each other. 


6. Since rr’sin@ is the area of the parallelogram formed upon the lines w and w’ as sides, it 
follows, that Dw’. « is a line numerically equal to the area of the parallelogram formed upon w and 
wu’, and perpendicular to its plane. 

It follows from (7) that Dw.’ denotes a line equal in magnitude to Dw’.u, but opposite in 
direction. 

3H2 
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7. If uw be any numerical quantity, we have 


Daw.u=—-Du.pw = —pDu.w=pDw.u. 
Hence we have 
DINU tb HD tise ecisioees oie Sates seen UL) = 


From which it appears that a numerical coefficient of w may always be brought outside the 
sign D. 
Hence Duw'.uw = D(v'a+y'B+2'y).%, 


= Da'a.u+ Dy B.u+ Dz'y.u, by (8); 
and therefore by (11) Du’.uw=aDa.u+ yYDB.ut 2 Dy. voccecceeses (12). 


8. In the equation (6) putting all the co-ordinates, except # and y, equal to zero, we find 
Da'a.yB = wyy, and .«. Da. =ry: and in the same way we may shew that DB.-+y =a, and 
Dy.a=. We have therefore 


Da: B=, DB y= a) Dry oa = Bsns ils). 
From these equations we find by (7), 
DB.a=-y, Dy.B=-a, Da.y=-§........-(14). 
Also we evidently have, 


IDT7 6. 0i=" Goono0 conocoude dys doaonoc5;| (1). 
And _ therefore 


Daia=0, D313) 10s Dry «cy = 0 60.00.50. (16). 


9. Du’.w is a line proportional to, and drawn in the same direction as the small displacement 
Ou, which displacement takes place on the supposition that w’ is invariable: in other words, the dis- 
placement ou results from giving a small angular motion, round the axis u’, to the rigid body in 
which OA, OB, OC and P are fixed. From this consideration we may easily see that Dw’.w is at 
right angles to w’ and w, and is proportional to r sin 0*. 

It is plain from figure (3), that the rotation by which the displacement dw is generated is right- 
handed, supposing that we look along the axis of rotation (w’) towards the origin. We may say. 
therefore, that Du’. w is generated by right-handed rotation round the axis 2’. 


10. Since Da. =v, and Da. y = — B, it follows that (Da)*. 8 = — GB: and in the same 
way we may shew that (Da)’. y = — vy; but, since Da.a = 0, we have (Da)”. a = 0, instead of — a. 
Hence (Da)° written before 3 or vy is equivalent to the sign —, and therefore Da. is equivalent 
to the sign (—)#, or \/-1; but this is not true of Da. written before a Similar remarks may 
be made respecting D3, and Dy. 

In general, we may see from what has been said above, that (Dw’)*. wv = — uw when the numeri- 
cal value of w’ is unity, and w’ is perpendicular to w: in this case, therefore, Dw’. is equivalent to 
(2)F or A/— 1. 

In this case, therefore, a line numerically equal to w, drawn at an angle 6 to w, and at right 
angles to w’, is expressed by the formula 

w cos @ + (Dw’,u) sin 8, or &°?"u. 

11. When two ore more of the symbols Da., D., Dry. come together, the order in 

which they are written must not be changed: thus DB. Da.B=a, but Da. DB. B = 0. 


* The ratio of Du’.w to 7 sin 8 is arbitrary ; we may therefore assume it to be 7”, and then we have Du’su=rr' sin @. This 
is equivalent to the assumption that, \@=a2", \Nb=y', \e=2', in Article 4. 
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Of the Notation Av’.u. 


12. In obtaining the notation Du’. uw we supposed the axes a, B, y to be varied in position, 
but not in length, always remaining at right angles to each other; we shall now obtain another 
notation by supposing the axes to undergo a different kind of variation. 


Let 6 denote any variation (whether in length or position) of the axes a, 8, y, vyz being sup- 


posed invariable: then 
ou = voa + YOR + xox. 


Let us assume that 
da=a'dh, OB =y'dh, dy = 20h, 


where oh is a small displacement in the direction of the line w’, or a’a + y'/3 + >'y. 


Thus we have 
Ou = (wa + yy'+ x2’)oh. 


wa’ + yy'+ xx’ is therefore the differential coefficient of w, when the axes a, 3, y suffer the vari- 
ations woh, y'dh, xdh respectively, i.e. when the points 4, B, C (fig 1.) receive displacements 
proportional to a, y’, x’ respectively in the direction of the line wu’. We may therefore represent 
this differential coefficient by the notation A,,x, since the magnitude and direction of the variation 
of w depends upon w’, or is, so to speak, a function of u’. We have therefore 


Ay = wal + yy’ + B82. 


It is evident from this expression that we may interchange uw and w. Also the operation 
A, is clearly distributive, and we shall therefore, as before, write Aw’. w instead of Aw. Hence 
we have, 

Awe = wat + yy SR von sencdeancseegasene (17)5 


ON NUON — 9 COS Once sea cuaieveccacseteesuesces (18). 
Net, TINEA I), It Sones nan pireseetens (19), 
and 'A (a+ a"). u = Aw. 6 + AUS . cc cacccseee roa qey (20), 
13. The following formule are also evident, namely, 


LNT) SO ergo e DE EEE (21). 
If w’ be at right angles to w, then 


Nag oth = Ole sdccdaensees weeectes (22): 
Hence it follows that, whatever w’ be, 

AME CEE) =O gacytecnavensa< (25)e 

14. We may express wyx and wu by the following formule, 
Aavwaa, ANB way, Ay = 2's... (24), 
u=ada.ut+ BAB.u+yAry,. Were. (25). 

(25) may be expressed by saying that 
aAa+BPABt+yAy=l. 


420 Mr. O'BRIEN, ON A NEW NOTATION FOR VARIOUS EQUATIONS 


15. Hence we may easily shew that 
Aa.(DB.uy=Ay.u, AB.(Dy.u) = Aa.u, &e. &e., 
or, omitting 2, 
Na DG = By.) “AB.Dy. = "Aon, Ay. Da. = SAG 
AB.Da.=-Ay., Ay.DB.=-Aa., Aa.Dy.=- AB. 
Also [or from (23)] it follows, that 
Aa.Da.=0, AB.DB.=0, Ay.Dy.=0... (7). 
16. It is easy to see that the displacement which gives rise to the differential coefficient 
Au’.u, is caused by a uniform expansion of the rigid body (in which the axes and the point P are 
fixed) in the direction of the line w’, the modulus of expansion being proportional to the numerical 


magnitude of «’. That plane containing the origin which is perpendicular to w is unaffected by 
this expansion. 


Instances of the application of the Notation Dw.u and Aw.u to Statics. 


\ . 
17. The expression uw, or 


(Fig. 4.) 
tat+yB+xzy; Fs 
determines completely the position of the point P; on this account we 
shall call 2 the symbol of the point P. 
In like manner, if X, Y, Z be the three components of any force, : 
and if zy 


U=Xa+YVB + Zy, 
U is the symbolical expression for the force, representing it com- en 
pletely in magnitude and direction. We shali therefore call U the 
symbol of the force whose components are X, Y, and Z. 
For brevity we shall generally say, “the force U” instead of, “the 
force whose symbol is U ;”and, in like manner, “the point u,” instead 
of, “ the point whose symbol is u.” 


(I). 


18. If the forces U, U’, U", &c. keep a rigid body at rest, the six equations of equilibrium 
are contained in the following equations, viz. 


BO = O).. Sicnnnsccaseeost awe NBM oceccsctisccecntes (28), 
D2, Dot UE) Samcppacansoonolcaenaunucec ccacanece (ah) 
For TU=alX+BzY + y=zZ, 
and therefore (28) is equivalent to the three equations 
BAe = 05) 4 =10)) 70: 
Again, by equation (6) we have, 

Du.U=(Zy — Yz)a+ (Xz - Zax) B+ (VYa- Xy) x, 

and therefore (29) is equivalent to the three equations 


=(Zy- Yzx)=0, =(Xe- Za) =0, 2(Ya- Xy) =0. 
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(II). 


19. ‘To deduce the equations (28) and (29) immediately from the parallelogram of forces. 
We must premise the following Lemmas. 


20. Lemmat. If w and w’ be any two points situated on the line of direction of the force 
U, then Du. 0 = Dw’. U. 

For the line (w’— «)* coincides in direction with the line U (forces being supposed to be 
represented by lines) ; and it is therefore evident from Art. 5, that D(x’-— w).U=0, i.e. Duw’.U 
= DD NO 

21. Lemma 2. If three forces P, Q, R, applied to a rigid body at the points p, qg, 7 respec- 
tively, balance each other, then the conditions of equilibrium are 


Dp P Dg. Qa Dr vh) =iOesossacsses« (31). 


For P, Q, and R must meet in the same point; let w be that point: also — R must be the 
resultant of P and Q, and therefore, expressing the parallelogram of forces symbolically, we have, 
—- R= P+ Q, or, 

P+Q+R=0. 


Now performing the operation Dw. on this equation, we have 


Du.P+ Du. Q+ Du. R=0, 
and therefore, by Lemma 1, 


Dp.P+Dq.Q+Dr.R = 0. 


Hence the conditions (30) and (31) must hold if P, Q, and R balance each other. 

And, conversely, if (30) and (31) be true, the forces P, Q, and R will balance each other. For 
let « be the point of intersection of P and Q; then, by Lemma 1, we have Du. P = Dp. P, and 
Du.Q=Dq.Q; and therefore by (31), we have 


Dr. hk = — Du.(P + Q)= Du.R, by (30). 


Hence D (7 - «).R =0, and therefore the line r — w coincides with R in direction, i.e. u is a 
point in the line of direction of #. Hence P, Q, and R meet in the same point w. Also by (30), 
-R=P+, ie. — FR is the resultant of P and Q. Hence P, Q, and R balance each other if 
the conditions (30) and (31) be satisfied. These conditions therefore are necessary and sufficient for 
equilibrium. , 

22. From these Lemmas we may now prove that the equations (28) and (29) are the neces- 
sary and sufficient conditions of equilibrium of a rigid body, acted upon by the forces U, U’, U", 
&e. at the points w, w, uw”, &e. 

Choose any three points}, p, q, 7, in the rigid body; resolve U into three forces acting along 
the lines w—- p, w-—q, u—7, (i.e. the lines drawn from p, g, and x to «); let P,Q, R denote 
these forces respectively ; in like manner resolve U’ into P’, Q’, R’, acting respectively along the 
lines w’— p, w—q, w—7: treat U” similarly, and so on. 

Then the forces U, U’", U", &c. are reduced to the three sets of forces, 


P, P’, P", &c. acting at the point p, 
Qe One i Caeee me te cee eet aera q 
TAR ech. CRA ee ae 


* (w—w) expresses in magnitude and direction the line drawn from the point uv to the point x’. 
+ These points are supposed not to lie in the same right line. 
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And, by the parallelogram (or rather, the polygon) of forces, these are equivalent to the three 
forces, 
SS Piat) pie sQratig, Va hvaterz 
Hence the conditions of equilibrium of these three forces are the conditions of equilibrium of the 
forces U, U', U", &c. Therefore, by Lemma 2, the conditions of equilibrium of the forces U, U’, 
U", &e. are 
S Pi Oa De ="0).e race tees (32). 
Dp. =P + Dg. 2Q + Dr, DR =0\.2.22- (33). 


Now, since U is the resultant of P, Q, and R, we have 


P+Q+R= U,~ 
and therefore (32) becomes, 2U = 0. 


Also we have 


Du.P+ Du.Q+Du.R=Du.U, 
and therefore, by Lemma 1, 
Dp. P+Dq.Q+ Dr. R= Du. 0. 
Hence (33) becomes >Du.U=0. 


It appears therefore that the necessary and sufficient conditions of equilibrium of the forces 
U, U', U"~, &e. acting at the points w, w’, u,” &c. of a rigid body, are 
230 SS Oicpcoanasaoa0s nBpacoAadiacec0GnITGoe (28). 
4S Da vO 0 secteusceess » Gibicie aelelo ice bisie ci eleteis, 8 (29) = 


(III.) 


23 The equation (29) includes the whole theory of coupies. 


For, suppose the forces U, U’, U", &c. to constitute a set of couples, in other words, suppose, 
that 
UW=-U, U"=-U", &c. &e. 
Then the equation (29) evidently becomes 
D(w—u).U+ Dw" —u’). U"+ &e. = 0,,.,... (34). 


Now, by Art. (5), if 7 and R be the numerical magnitudes of wu’ —u and U, and 6 the angle 
contained by w’ — w and U, then the numerical magnitude of D (u’-w).U is Rr sin@; which is the 
moment of the couple consisting of U and U’; for rsin@ is evidently the perpendicular distance 
between U and U’. Also D(u’—u).U is a line perpendicular to w— w and U, and therefore to 
the plane of the couple (U, U’). Hence D(w’— u) .U is the awis of the couple (U, U’). 

The equation (34) therefore indicates, that the symbolical sum of the axes of a set of couples which 
balance eachother must be zero. Which includes all the propositions of the theory of couples. 


(1V.) 


24. When the forces U, U’, U”, &c. do not balance each other, to find the condition of 
their having a single resultant. 

Suppose that R is the resultant, and 7 its point of application; then since — R, U, U’, Ke. 
balance each other, we have, by (28) and (29), 


T0-R=0, TDu.U-Dr.R=0, 


“ Respecting this equation, we should have remarked, that Du.U is the symbol of the w#is of the couple which transfers the 
force U from the point w to the origin. See Article 24, page 423. 
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or, putting TU=V, and 2Du.U = W, for brevity, 
I= Wy IDRIS 
and! ‘therefore, Dr <V = W .......-... (35). 
Which equation indicates that V and W are at right angles. 


V is evidently the resultant of all the forces, supposing them transferred to the origin in their 
proper directions ; and W is the axis of the resultant of the couples introduced by transferring the 
forces; for Du. U is evidently the axis of the couple consisting of U acting at u, and — U acting 
at the origin; and therefore 2Dw.U is the sum of the axes of all such couples, and therefore 
the axis of the resultant couple. Hence the condition of the forces having a single resultant is, 
that the resultant force (V) shall be at right angles to the axis (W) of the resultant couple, 

This condition is simply expressed by the equation, 

0o=AV.W, 
which is got immediately by performing the operation AV on (35). See Article (13). 

25. If we transfer the forces U, U’, U", &c. to any point v, instead of the origin, the 
resultant couple will be 2D(w—v).U instead of >Du.U. Now SD(u -—v).U=>Du.U 
—-Dv.>U=W-Dv.V. Hence, if we assume W to denote the resultant couple when the forces 
are transferred to v, we have 

W, = W- Dv. V. 

We may determine the minimum numerical value of W_ as follows : 

Let AV be the projection of the line W on the line V; then W— }V is perpendicular to V, and 
is therefore expressed by a symbol of the form Dv’. V, where v’ denotes a line which we do not 
require to know. 

Hence, we have W=rAV + Dv’. V, and therefore 

W, =rV + D(v' -v). V. 

Since » is arbitrary, D(v' — v).V denotes any line whatever at right angles to V: hence the 
numerical value of W_ is least when D(v' —v).V =0; and therefore W=AV. To determine , 
since WW —)V is at right angles to V, we have 


AV.W 
AVa(W —V) = 0,nand .. 9h = a a 
Hence the axis of the couple of minimum moment is 
INS 
AViVex 


We may observe that the equation W = )V indicates that the axis of the couple of minimum 
moment (JW) is parallel to the resultant force (V). 


These instances suffice to shew the application of the notation Du’.u, and Aw’. u to Staties. 


Application of the Notation Dw .u and Au'.u to the Calculation of the Motion of 
a Rigid Body about its Centre of Gravity. 


26. Let wu’ be the symbol of the position of any particle (dm) of a rigid body at any time (f), 


2.7 


and U the accelerating force which acts upon dm: then, since dm qe is evidently the symbol of 


, Cu’ . 
the effective force on dm, the forces USm, and — ae om applied to dm, and similar forces to the 


Vote Vill est LV: 3I 
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other particles, must satisfy the conditions of equilibrium. We have therefore by equations (28) 
and (29), 


Let uw be the symbol of the centre of gravity of the body, and assume w’ = 7 + «; then these 
equations become (observing that Swédm = 0), 
du Pu E 
m— = >U8m, >Du.— $m = >Du.Uém. 
dt dt? 


Which equations are equivalent to the six equations of motion of a rigid body. 

Since w is the symbol of dm with respect to the centre of gravity as origin, the second of these 
equations determines the motion of rotation of the rigid body about its centre of gravity, and, as 
far as this equation is concerned, the centre of gravity may be regarded as a fixed point. 


du du du au lu 


d 
Also, since — Du.—= —, Du. = Du.— 
Beemer. Be dt aio GF SS ta ae dt’ 


this equation may be written in the following form, 


1 1 
a Du Sm =D at WOM: ca cscec (36). 


27. ‘To effect the integration denoted by = in the first member of equation (36). 
Take the principal axes through the centre of gravity as the co-ordinate axes, and let 2, y, x, 
be the co-ordinates of dm: then we have 


w=tat+YyBt xy, 


and therefore, since v, y, x are independent of ¢, 
du da df dy 
—=8—+y—+x%— 
GE nde age ae 
Now, referring to Art. 2, we may see immediately, that, if w, denote the velocity of the 


point B parallel to OC, w, the velocity of C parallel to O4, and , the velocity of A parallel to 
OB (in other words, @,, w2, w;, are the angular velocities about the axes O4, OB, OC, of the 


planes BOC, COA, AOB respectively), then we have 


a= dt, 6 =wodt, c= o,dt, 


and therefore the equations (3) become 


d 
Seay 
dt 
dB 
———— sD SY = Meh laevis cisieieeisieieies 38 
dt Y (38) 
dry 
—" =wa — 0,3 
dt 
We may here observe in passing, that, if we assume 
© = 0,4 + wf + (Oxqpesooscopsccasse: (39), 
* If we put these values in (37) the coefficients of a, By Y ATE We%—WwzZY, W3X%— Ww, %, w{Y—Wox; which are the well known expres~ 


sions of the velocities of any point of a rigid body moving about a fixed point 


IN GEOMETRY, MECHANICS, AND ASTRONOMY. 425 


the equations (38) become 


da dB dy 
— = — = Dw. = = -y ---(4 
AP Do.a, A w. 2, ¥ Dw .v .--(40), 
and therefore (37) becomes 
du 
ae = Do WE aa. s'ais p'ea'o'e alsitewinivete (41) 


Now, referring to Art. 5, Dw.w is a line drawn perpendicular to « and w, whose numerical 
magnitude is m7 sin #, where m and r are the numerical magnitudes of w and x respectively, and @ 


, Eee du 
the angle made by w and uw. Hence, the equation (41) indicates that the velocity aE is due to 


the rotation of the rigid body about the axis w with the angular velocity m. In other words, the 
symbol w represents completely the motion of the rigid body ; for w represents, in direction, the 
axis of instantaneous rotation, and, in numerical magnitude, the angular velocity of the body about 
that axis. 

Returning to equation (36), we find by (37), observing the properties of principal axes, 


du 5 
=Du.— bm = SdmD (xa + yB+ xy). (« 2 tye “ 2) 


dt * at 
da aN d 2 d N 
= Da. a Lema + Ripjoe Ldmy? + Dy. oH Som". 
Now, by Art. 8, and by equations (38), we have 
da d d 
Da. =, = ws'y + wap DB. E = 0.0 + ey, Dy = w.8 + wa: 


Hence we find, 


du 
=Du. Gy om = a (y! + 3°) dm + 3 (x? + 2°) dm + wsy = (a + y*) dm 


= Awa+ Bo, B + Cosy. 


Hence the equation (36), cleared of the sign =, becomes 


d 
iF SAw,a + Bw./(3 + Cosy} = >Du.Udm*... (42). 


28. We shall now apply this equation to the problem of Precession and Nutation. 

To effect the integration = in the second member of (42) when the force U arises from the 
attraction of a very distant body, which may be supposed to be collected into its centre of gravity. 

Let w’ be the symbol of the centre of gravity of the distant body, and let m’ denote its absolute 
attractive force; then since w’—w denotes the line drawn from dm to m’, the attraction of m’ on 
om is 
m’ (u’— u) 


OSE 

{A (u'— u). (u’— u)}?? 
* If we perform the operation a in the first member of this, by | Whence it follows that the first three of Euler’s six equations 

means of equations (38), it becomes follow immediately from (42). 
d “1 de The last three of Euler's equations follow immediately from 
{45 Ere Cie Ching fat 1 Boa TC Alea: te the equations (38), in the same manner as I have shown in my 
| Mathematical Tracts. 
+fotes —, — (A= B) ww ty. 


$12 
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~ 


for this represents a line drawn in the same direction as wv’ — uw, and having its numerical magnitude 


equal to 


where R is the numerical magnitude of w’—w [observing that A (w'- u).(w'— u) = R* (Art. 13, 


equation 21) |. 


Now A (wu). (w=) = Aw. -2Au.u'+ Au.u 


=r?-2Au.u' +7’, (Arts. 12 and 13). 


r, 
Therefore, since = is very small, we have 
7 


Nartde Au.w 
SA (wu). (w- u)ft= (a + 3 ——- ) very nearly. 
Fi ) 


, 
m Au.u P 
Hence Unease s a ) =n; 
r3\ 
and therefore, since Du. w= 0, and Du’.u = —- Du.w, 
m ; A 3 4 
TDu.USm = — =, Dw’. (Zudm + — SuAu.w'dm). 

r r 


Now Swodm = 0, since the origin is centre of gravity : also, by Art. 12, equation (17), we have, 
observing the properties of principal axes, 
Subu.wdm = S(aat+yPB + xy) (wat yy t+ x2’) dm 
vada°dm + y BSy%dm + xy Z3°dm 
uSr’dm — (Aa'at+ By B+ C2z’y), 


since Da'dm = Tr°dm — U(y?+x*)dm, Ke. &e. 


3m’ U ‘ a, 
5 Dw. (Aaa + By B+ C2'y)*. 


Hence, since Du’. u’= 0, we have >Du. Udm = 


Thus (42), cleared of the sign =, becomes, 
3m 


Dw’. (Aaa + By B + Cz'y) ... (44). 


d 
ape + Bw.B -- Cozy) = 


7 


29. 'o find the Solar Precession and Nutation by means of this equation. 

Let + be the north polar axis of the Earth; then B= 4, and C exceeds 4 by a small quantity, 
A suppose, and therefore C= .A(1+A). Hence, observing that w,a + ow. + wy =o, va+ yf 
4x7 =u, and Dw.w=0, Dw.u'= 0, (44) becomes 


dw d'(axy). 3m" = ye. , 
ah = pas ee rafatetetactete(eietelete (45). 


In the parts of this equation multiplied by the small quantity \, we shall suppose that the Earth 
revolves about its polar axis with a uniform angular velocity, and that the Earth moves round the 


* Performing the operation Dw'(i.e. 2’ Da.+y DB.+2,Dy.) | The coefficients of a, fp, y here are the well-known expressions for 
the second member of (43) becomes | the moments of the attraction of Sun or Moon about the principal 
3m' ay. 4 7a: axes of the Earth. 
ss (2B —C)yza+(C—A)2' 2x B4+(A-B)a'y'y}. 
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Sun in a circle uniformly ; in other words, we shall suppose that w,*, -y and r’ are constant. Hence. 
observing that 2’= Avy. w’, (45) becomes 


dw 3m’ : ; 
da = gts MA®. y) (Du. y)...--- 2-22. (46). 


Now let a’ and 3’ be two unit axes at right angles to ry and to each other, one of which (a’) 
points to the first point of Aries: also let 8” be a unit axis pointing to the north solstice: then, 
if we assume @ to denote the obliquity of the ecliptic, and n't the Sun’s longitude, we evidently 
have 

B’= Pcosw + ysing, w= 1 (a cosn't + 3’ sin n't), 
and .. w=7 fa cosm't + B'cos @w sinn’'t + y sin w sinn’t. 

Hence we have 

Aw. =7'sin a sin n't, 
Du'.y = —- Dy .we=r (a'cosgsin n't — B'cos n't), 


. fo m . 
and therefore, observing that ’* = —=z> (46) becomes 
ty 
dw fo s , . . , , , . , 
ane 3n’*) sin @ }a’cos@ sin’n't — B cosn’tsinn’t! ......... (47). 


By integrating this equation we find , i.€., wa + w.3 + w,; and therefore, by equating the 
coefficients of a, 8, y, we find w,, ,, w;; from which it appears that w, is constant (as has been 
shewn before), and w,, w, are small quantities. 

Now, if 2 denote the numerical magnitude of w, we have 


== == r 
n= Vw, + we + w,. 
Also the sine of the angle which the axis y makes with the axis w is 


Vv w, oe w* 
J wt + ot + 0,8 

But, since m’t varies but little in one revolution of the Earth, it follows from (47), that we may 
regard w,, @:, ws, as invariable for one day in quantities multiplied by X. 

Hence it follows, that in a day the axis yy describes a conical surface round the axis w (i.e. the 
instantaneous axis) with a uniform angular velocity n; and therefore the mean daily motion of the 
axis ry must be the same as the motion of the axis w; or, in other words, observing that the numerical 

magnitudes of Y and w are 1 and n respectively, we have, as far as the mean daily motion of -+y is 
concerned, 


Hence by (47) we find 
dS se. ey ; 
ae = — Xsing@ fa’cosq@ sin n't — P'sin n't cos x t}... (48). 
n 


Which equation completely determines the motion of -y the Earth’s north polar axis. 


dw, 


* It is so easy to see that the coefficient of y in the first member of (45) is (1+) ae? and that in the second member it is zero 


therefore ws, is constant, whether \ be small or not. 
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It appears from this equation that the north pole has two velocities, namely 


3n ~ 


——} sin @ cos w sin’n’t, parallel to a’, i.e. perpendicular to the solstitial colure ; 
n 


Qn/2 


St O 5 , , Qe < . AG 
and — a sin @ sin n't cosn't, parallel to /3’, i.e. in the plane of the solstitial colure, and paral- 
d lel to the equatorial plane. 


Hence the length of the path described parallel to a’ in any time ¢ is 


, 


— sin @ cos w (n't — 4. cos 2n't) 
2n 2 : 


and the path parallel to (3 is 
Oe ? 
—AsNw cos2n é. 
An 
Which are the well-known values of the solar precession and nutation of the pole. 


The calculation of Lunar Nutation may be effected very simply by the above method; in fact 
the equation 
dy 3m’ : 
see INN, acy (Dery) 
dt nr ( 7) ( Y 
still holds, and we have only to make the proper substitution for «’ to suit the Moon’s motions, and 
then integrate as above. 


M. O'BRIEN. 
Upper Norwood, Surrey, 
Nov. 1846. 


(Nore.) In a series of papers on Symbolical Geometry by Sir W. Hamilton, which are at present being 
published in the Cambridge and Dublin Mathematical Journal, a yery remarkable interpretation is given 
to the product of two symbols. According to this interpretation }(ww' + ww) means the same thing as Ax. w 
in the present paper, and 3 (wu’—w’w) means the same thing as Dw. w’. 


XXXII. On the Principle of Continuity, in reference to certain Results of Analysis. 
By J. R. Youne, Professor of Mathematics in Belfast College. 


[Read December 7, 1846. ] 


Tue mathematical axiom that ‘ what is true wp fo the limit is true a¢ the limit,” is necessarily 
implied in the general principle of Continuity. The recognition of this truth is essential to the very 
conception of continuity; of which indeed a sufficiently clear idea may be conveyed by the simple 
enunciation of the axiom itself. In Geometry the continuity here mentioned refers to magnitude 
only, irrespective of shape: in Analysis it refers simply to value. And in both, the limit spoken of 
is that, whatever it may be, at which the continuous series of individual cases terminates; or, if 
the expression be preferred, at which it commences. 

It is plain that different continuous series may start from, or terminate in a common boundary : 
or the terminal limit of one series may be the commencement of another; each series being governed 
throughout by its own independent law. But there is a liability to suppose the limit unique when 
it is in reality multiple, or ambiguous; and indeed to confound the true limits with some unique 
isolated form, having no connexion whatever with either series. 

Thus:—the tangent of w, when # commences in the first quadrant and continuously increases, 
arrives at its limit when w reaches 90°. In like manner, the tangent of 2, when w commences in the 
second quadrant and continuously diminishes, arrives at its limit when w reaches 90’. But the two 
limits (which are very liable to be confounded) are perfectly distinct. In the former case the limit is, 
tan 90° = + ©: in the latter case, tan90°= — «©. And, viewing the tangent independently,—that 
is, as altogether unconnected with a continuous series, and therefore as uncontrolled by any law of 
continuity,—the tangent of 90" is ambiguously + co: and we cannot select one of these values, to 
the exclusion of the other, without destroying the independence here supposed, and subjecting the 
tangent to the operation of a law binding it in connexion with a continuous series of tangents. 

Again : the limit or extreme case of the continuous series of values of the progression 


l—-a+a2°— 2+ wv — o + &e. ad inf............. (1), 


furnished by the continuous variation of « from some inferior value up to wv = 1, or from some 
superior value down to 2 = 1, has been supposed in each case to be properly represented by 


Bt Ne a a Lo Lt ah C7 A) See eee (2). 


But it has already been shown by the writer of these remarks*, that so far from this being the com- 
mon limit, the two limits are totally distinct :—the one having for value 4, and the other infinity : 
whilst the series (2) is not comprehended at all among the continuous cases of (1), but is entirely 
unconnected with, and independent of, those cases: its value is ambiguously 1 or 0. : 

In order that the influence of the law of continuity, which connects together all the individual 
cases of (1), may not be overlooked or evaded in the extreme one of those cases, it will be desirable 


to change the notation: writing 1 - — for 2, when the limit 1 is to be reached through continu- 


zg 


1 ire 
ous ascending values of wv, and 1 + - when it is to be reached through continuous descending 


= 


values of 2. 


* Philosophical Magazine for Noyember and December 1845. 
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It will then only be necessary to suppose ¥ to approach infinity as its limit; the connexion of 
which limit, with the continuous set of values that it terminates, being preserved by the actual 
exhibition of x in its final state, or under the form <; a symbol which, it will be observed, thus 
spontaneously presents itself; and is not arbitrarily introduced to effect a purpose. 

Hence, when the limit 1 is reached through continuous ascending values of «x, the extreme case 
of the series (1) is 


1 — (1 - =| + (1 - =)- (1 - <4 &e. ad inf.... (3); 


\ ~~ ~~ 


and when it is reached through descending values, the extreme case of the series is 


1 (1 + ~) + (1 + 5)- (1 Pe | &e. ad inf....... (4)- 


And the values of these, as shown in the publication referred to, are respectively 4 and infinite. 
For any finite number of terms, these series do not differ sensibly from one another, nor from 


: : : 1 1 La 
the neutral or independent series (2). But since we know that (1 - =) =-, and (1 + =) =e, 
e co 


it follows that, after a finite number of terms, the three series are totally distinct: and we thus see 
that in such extreme cases as those we are now considering, it is not allowable,—as generally sup- 
posed,—to neglect the terms infinitely remote from the commencement of the series: for it is only 
in the infinitely remote region that the distinguishing peculiarities of the series become fully 
developed. And it is because of this, that in contemplating these extreme or limiting cases, differ- 
ent orders of infinity become unavoidably forced upon our attention. Thus, in the infinitely remote 
region of the series (3), it is obvious that there are places for the terms 


l x 1 2a ( 1 3a l oo! on 
(1- =) : (1-=) ’ 1- — seetees (1-) > 
’ fon) ea) N n a 


of which the numerical values are 

1 1 1 1 

at ieee Bee pei 

And all these terms, as far as the zero-term, being significant, necessarily affect the numerical 
expression for the sum of the whole; and cannot be neglected with impunity in a correct estimate 
of the value of the altogether boundless series (3). 

The theorems proposed by Cauchy, for testing the convergency of infinite series, do not apply 
to the limiting cases, such as those here noticed. These theorems have in fact been the occasion of 
error in the treatment of those cases; and it is one object of the present communication to invite 
attention to this circumstance. 

In discussing the series 


ee ao « 
Bien thie te tr Ge: ADA fe celies onecte sels G): 


L Q 
Cauchy observes* that it will be convergent, or divergent, according as the numerical value of w is 
inferior, or superior to unity; but that when the limits 7=1, w= —1 are actually reached, the 
series will be divergent in the first case, and convergent in the second}. This is not a correct 
account of what happens at the limits: if 2 ascend from an inferior numerical value (that is from 
a fractional value, either positive or negative) up to « =1, or « = —1, the limiting cases will be 
convergent, like all the preceding cases: but if the same limits be reached through descending 


* Cours d’ Analyse, p. 153. + [bid., p. 155. 
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values of w, the extreme cases will then, on the contrary, be divergent. The truth of this. will 
appear by writing these extreme cases with the proper symbol or indication of continuity, intro- 
duced, or rather preserved, as in the instances above. For we thus get the converging series 


1 e iN ie gay : 
# (1-5) +4 (1-5) #4 (1-5) + &e. ad ing, 


ee) 
and the diverging series 


1 ye 1 \3 
= a = A. { i 
# (142) +4 (1+2) #4 (1+ 2) + Se. ad inf, 


That the former of these is convergent is obvious: and that the latter becomes divergent, in its 
infinitely remote terms, will be seen from the following considerations :— 
an 


As noticed above, (1 + =) =e; so that, in the infinitely remote region, there occur the 
terms 
3 eh 2a! 


9 
cy e e e 
20° 30 0.0 20.0’ 32.0 


é 
ze 
o 


c - ; e = e 
which evidently diverge after the term ., and, in fact, after —. 
oO.8 x 


Similar reasoning applied to 
1+@ + 2a" +2.3a°+2.3.4a4+ &e. ad inf. ...... (6), 


another of the series considered by Cauchy, and which he affirms to be equal to 1 when w becomes 
zero, will show, that instead of 1, the value is infinite, For, writing the zero in the allowable 


| ‘ : 
form —, we find among the terms infinitely remote, the following: viz. 
= ) 


BiG e sae CO 2s Gi tite OO) daa CO 
——,, : ——_,z,———, &e. 
o) © 
in which, as «&’ may exceed oo in any ratio, the numerator may exceed the denominator in any 
ratio; so that the terms at length become infinitely great; that is to say, the extreme case, 
corresponding to a = 0, is like all the other cases, divergent. 

‘Vhe preceding reasonings, in which terms infinitely remote, and infinites of different orders, are 
considered, may perhaps be regarded as too vague and subtil to justify an unhesitating recep- 
tion of the conclusions to which they lead: and although they do not appear to me to be fairly 
* chargeable with this objection, yet I wish them to be regarded—less as demonstrations of the truth 
of these conclusions, than as confirmations, supplied by the laws of analysis—when these are allowed 
to have their full and unrestricted scope—of the general axiom which stands at the head of this 
paper; and in virtue of which, if it be demonstrated, that an assigned analytical formula correctly 
expresses the sum of an infinite series for all cases short of a certain extreme case—however closely 
to this case we approach,—then we may safely infer that it equally, and as correctly, expresses 
the sum in the extreme case also: a fact which is as necessarily true as any of the axioms of 
Euclid; and which I think can be questioned only by those who overlook the controlling influence 
of the law of continuity over these terminal cases. It would be very wrong, in utter neglect of this 
law, to confound the series 


for instance, with what 
1? — 2°@ + 3?a* — 42a° + &e. 
becomes in the extreme case of « = 1; and thence to assert, as indeed has been done, that its sum is 
Vor. VIII. Parr LV. 3K 
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zero, when in reality the sum is +. The erroneous sums assigned to divergent series, will be 

found in many other instances besides this, to belong, not to the independent series themselves, 

but to the extreme cases of certain general forms. Yet the errors adverted to, and which formed 

the subject of a communication submitted to the British Association in 1844*, are not always of this 

character: the value *596347..., for instance, assigned by Euler, and many succeeding writers, to the 

series : 
1—-14+2-2.34+2.3.4- &e., 


neither belongs to this series nor yet to the extreme case of the general series (6), in which 


w2=1-— = since we have seen that when w becomes aa even, the infinitely remote terms must 
still diverge. 

In the Mémoires on Series and Definite Integrals, which Poisson has published in different 
Cahiers of the Journal de [ Ecole Polytechnique, a fault analogous to that above noticed is very 
frequently committed+. It is the common practice of this distinguished analyst arbitrarily to 
introduce the ascending powers of a foreign variable, in connexion with the terms of an isolated and 


independent series, and then to employ the extreme case of the general form thus obtained, when 1, 


or rather 1 — — is put for the new variable, instead of the original series. In this way he con- 
S 3 


: 3 A 1 
verts the neutral series 1 — 1 + 1 — 1 + &e. into a convergent series, and thus gets = for the sum; 


which is of course erroneous. He applies the same process to periodic series in general; thus, in 
fact, destroying their periodicity—at least in the infinitely remote terms—and thence obtains sum- 
mations that are palpably wrong. Thus, in referring to a particular series of this kind, in his last 
great work, he says, ‘ Elle est de Vespece des séries périodiques, qui ne sont ni convergents ni 
divergents, mais qu’on peut néanmoins employer en les considérant comme les limites de séries 
convergentes, c’est-a-dire en multipliant leurs termes par les puissances ascendantes d’une quantité 
infiniment peu différent de lunité”}: the inaccuracy of which principle I have, I think, suf 
ficiently discussed elsewhere |]. 

It is of importance to observe, however, that there is one class of series in reference to which 
the adoption of this principle is allowable, as its application will be unattended with error :—I mean 


. . . . 1 . 
convergent series. For since, as already shown, the foreign multiplier 1 —- —_ becomes effective 
fae) 


only in the terms infinitely remote, and as all these in converging series are themselves zero, these 
multipliers produce no modification of the character of the series, nor any change in its sum. In 
periodic series however error must of necessity arise from replacing them by the limits of converging 
series; inasmuch as these latter always tend to some determinate value—either finite or infinite : 
whereas an infinite periodic series, from its very nature, tends to indeterminateness. ‘To attribute a 
unique value to such a series is therefore absurd. 

I have here spoken of the sums of converging series as sometimes tending to infinity, which 
tendency some may suppose to be opposed to convergency : a simple reference however to the series 
1+a+ a + &e. will I think correct this supposition, since it will be admitted that this continues 


1 1 , A 
convergent for all values of « from # = — up to # =1-—- —: for which extreme value the sum is 
© feo) 


infinite§. I have also ventured to call the infinites, to which the extreme cases of certain convergent 


* See also Proceedings of the Royal Irish Academy, 1845, | || Philosophical Magazine, Dec. 1845. 

No. 49, where the communication referred to is printed at length. | ee: FS ; ; 
+ Journal de V’ Ecole Polytechnique, Cahiers 17, 18, and 19. { The series 1 + TE Onn &c. also, is convergent 
+ Théorie de la Chaleur, p. 199. | for all real values of x, and tends to infinity as a does. 
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series thus tend, determinate: because if we reflect upon the peculiar character of a strictly diverg- 
ent infinite series, we shall perceive, that however remotely into the region of infinity its terms be 
considered to extend, yet we can never, even in imagination, reach a stage beyond which the series 
ceases to be accumulative, and may be rejected as zero: the portion so rejected would, on the 
contrary, still be infinite; and this is a peculiarity which sufficiently distinguishes a divergent 
series from a convergent series with an infinite sum. It has place even in those slowly diverging 
series of which the individual terms continually tend to zero, as, for example, in the series 


for however remote the » term may be, 2 terms more of the first of these series will be 


1 1 1 1 
—— + Ee ee 
m+] n+2 n+3 2n 
and 2 terms more of the second, 
ni + 1 n+2 2n 


— + = 
4(a4+1)?-1 4(n+2)?-1 


and these additional 2 terms will, in the first case, exceed 


and in the second case, 


8n — — 
Qn 


A diverging infinite series therefore tends to no Jimit, either finite or infinite; and this 
consideration is perhaps sufficient to justify the language of the continental analysts, who say that 
such series have mo sum. 

It would seem desirable however to divide series into other classes besides convergent, divergent, 
and periodic ; in order to distinguish those which come under the influence of continuity, from 
those which, like the series just considered, are entirely isolated and independent. The latter class 
might be called independent or neutral series; and the former dependent series. _Hutton™ appears 
. to have called the series 1-1+1-—1+4+1-— &c. a neutral series, simply because it is neither 
convergent nor divergent. In the sense in which it is here proposed to use the term, no reference 
is made either to convergency or divergency: but merely to the fact of the series not being united 
to a set of others by the bond of continuity. A neutral series may therefore be either conyergent, 
divergent, or periodic: the series 


1 


1 
+ - + &e. 
ae 


12 = 2°? 4 3? = 44 &e. 
1—1+1-—1 + &e. 


* Mathematical Tracts, Vol. 1. p. 178. 
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are all neutral. But, as already remarked, since the first of these is convergent, its sum does not 
differ from that of the corresponding dependent series*. 

It is not in reference to series only that this distinction between neutrality and dependence has 
been overlooked. It has been improperly neglected in the treatment of an extensive class of definite 
integrals; all those, namely, that are analogous to periodic series, in respect to the indeterminate- 
ness which they involve. It has already been shown what contrivance Poisson resorts to, in order 
to get rid of this indeterminateness in the series: he destroys the indeterminateness of the integrals 
by a similar artifice. The series were rendered determinate by multiplying their terms by the 
ascending powers of a foreign factor; thus bringing them under a law of continuity from which 
originally they were wholly free. The integrals are rendered, in like manner, determinate by 
introducing, under the sign of integration, a new variable :—an exponential multiplier, in virtue of 
the variation of which, a bond of continuity is, as before, imposed upon the expression, and its 
indeterminateness thus overruled. The following definite integrals quoted from Poisson, and those 
who have espoused his principles, are all essentially indeterminate :— 


a 2 ao iv) 
da sin rz dx cosrwv daz" sin ra, dx x" cos rx 
’ +) ? 
0 0 0 0 


ji “dx x"? sin PL, [aw DS COSiNa. LUC snes 
0 9 

the exponents of w in the last four being positive. A very little consideration will suffice to 
convince us of this: we need only revert to the ordinary ideas involved in the method of quadratures : 
for if in any of these forms the expression under the integral sign—omitting the dv—represent the 
ordinate of a curve, we at once see that for 2 = ¢—one of the proposed limits—that ordinate, and 
therefore the area, or the entire integral, must be indeterminate. By introducing the factor e~™, 
for which there is of course not the slightest warranty, these forms become changed into the follow- 
ing :— 


Do n ne 
fh dxe- sin ra, if dae-™ cos ra, | daze~* xv" sin ra, 
0 0 0 


| “da e~*x"~! cos T 2, J “da e~* a"? sin "2, [ 4 ee" a” -* cos 12, 

0 0 0 
in reference to which the ordinates, at the limit # = &, all vanish, irrespective of the value of a. 
If the integrations be now executed, each result will be a general expression involving a; and if we 
seek what this expression becomes when a, by continuous variation, arrives at zero, we shall truly 
obtain the limit of the integral; that is to say, we shall obtain the last of the continuous series of 
values which the integral passes through as a diminishes continuously, from some superior value, 
down to zero. These results therefore are all valid, as limits of the changed integrals; but have, 
in strictness, nothing to do with the integrals originally proposed; these latter being neutral, or 
independent ; and therefore not included in the continuous series of values adverted to. 

The impossibility of reconciling some of the erroneous, but prevalent conclusions that have been 
arrived at respecting the foregoing integrals, with certain known elementary truths, has led one or 
two recent writers to pass too sweeping a condemnation on integrals of this kind ; and to reject, as 
false, integrations that may easily be proved to be true. I shall advert to some of these presently. 
But it may not be altogether out of place previously to remark, that much needless ingenuity seems 
of late to have been expended in proving that sin e¢ and cos ce cannot be zero; although such 
is unhesitatingly affirmed to be the case by the late Mr. Gregory+, and—with misgivings how- 


* See Note (B), at the end of this Paper. 


+ “ Both the sine and the cosine of an infinite angle are equal to zero.’ Gregory’s Eaumples, p. 477. 
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ever—=suspected by Mr. De Morgan, But it is proper to state that Poisson nowhere countenances 
this notion ; nor is it implied in his principles, though it has been thought to follow from them, 
It is true that Poisson makes 


2 xz 
yi dx sin x = 1, and [ dx cos x =0. 
0 0 


It is also true that these integrals are respectively 1 —cos © , and sin ©: but it does not follow 
that we have any right to equate Poisson’s results with these. Poisson virtually selects a particular 
value out of the innumerable values of cos ¢ ; and a particular value out of the innumerable values 
of sin ¢ ; these selected values are each zero. He does not deny the existence of the other values, 
nor say that sinc and cos ¢ are zero only, as others have said: he expressly declares that he 
takes that particular value of cos ¢¢ which unites in continuity with the values of 


e iz — 
J dve-“ sin a; 
0 


and that particular value of sin « which unites in continuity with the values of 


x 
ib dxe-“ cos 2, 
0 


it being understood that @ varies from some superior value down to zero; and his doctrine is that, 
by taking the extreme limit thus reached, he gets, in each case, “‘ une valeur unique qu’on peut 
employer dans Vanalyse.” The fault of Poisson consists solely in his bringing indeterminate 
expressions under the control of arbitrary conditions, in virtue of which that indeterminateness 
is destroyed, and unique values deduced ; and in consequence of which these unique values—as in 
the instance of the series 1 — 1 + 1 — 1 + &c.—are frequently not even among the indeterminate 
set: but this great man must not be charged with the palpable error of making the sine and cosine 
of an infinite are zero*. It should also, in justice to the same illustrious analyst, be observed 
further, that some English authors, under the impression that they have been carrying out Poisson's 
views, have also, on other points, employed reasonings, and arrived at conclusions, which those views 
do not justify. The results which Poisson assigns to the integrations noticed in this paper are all 
true as far as they go. He chooses one out of an infinite variety of equally admissible values, and 
disregards all the others:—a fault which appears to me to be analogous to oe which would 
be committed by arbitrarily selecting one of the m roots of an equation of the n“™ degree, to be 
employed in physical applications, and rejecting all the others. But, from a pretty careful exami- 
nation of Poisson’s different Mémoires on Series and Definite Integrals, I can find no foundation for 
the statement recently made, that “ Poisson would admit 1° — 2° + 3° -4 +......=0.° He rejects 
_ diverging series: and in applying his principles to cases where divergency might be suspected, he 
takes care, in order to justify his mode of proceeding, to remove the suspicion, by showing that the 
series must be convergent. (See 7'héorie de la Chaleur, p. 188.) 

Resuming now the consideration of the definite integrals, I have to remark, that among those 
that have been rejected are 


re sin aw 2 COSax 


| = dw and J Ser ep 
0 « é 


the grounds of this rejection being that these integrals have not the values hitherto assigned 


* « Les sinus et cosinus d'un are infini sont évidemment des | périodique, que s’etendent & J’infini: ces intégrals n’ont aussi des 
quantités indeterminées.” Poisson: Journal de l'Ecole Polytech. | valeurs déterminées, que quand on les regarde comme les limites 
Cah. x1x. p. 407. d'autres intégrales, dont les élémens convergent vers zero, et sont 

‘Lua maniére dont nous avons considéré les séries périodique  nuls a ’infini,”” Tdid., p. 431. 
infinies, s‘applique également aux intégrals définies de quantités 
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to them, but are, on the contrary, indeterminate—like those already noticed*. That they are not 
indeterminate however will be obvious from again adverting to the notion of quadratures: the 
ordinates of the curves are evidently determinate throughout the whole extent of the integration,— 
that at the superior limit c being zero. The first of these integrals has been proved—by what 
appears to me to be perfectly valid reasoning, though it has recently been objected to—to be 


: 7 7 ; 
altogether independent of the value of the constant a, and to be equal to >, or ——, according as 
the sign of this constant is positive or negative. Poisson indeed, following Euler and others, says 


s 7 : ; 6 
that the values of the integral are —, 0, or —7—, according as the constant is positive, zero, or 


w~139 


negative+. But it should be remembered, in obedience to the law of continuity, that if @ become 
zero, by passing through neighbouring values, and vanish positively, the value of the integral is still 


T “pe . . . : . . . . 
7 . and if it vanish negatively, the value of the integral is still — >, as in all the continuous series 


o 


79 | A 


of cases which these terminate. 

The integration of the second of the preceding forms has however been effected by methods 
which are really objectionable, notwithstanding the accuracy of the results obtained by them : and it 
may not be uninstructive briefly to direct attention to this circumstance. 

Legendre commences his process by at once destroying the generality of the proposed integral— 


; sats 2har : 
taking for the limits, not v = 0, and «=o, but «=0, anda = —., k being a whole number; and 
2 a 


then, at a convenient stage of the investigation, making & infinite. By means of this artifice, the 
indeterminateness, which the method employed would otherwise have introduced at the limit 
» = &, is overruled by an arbitrary condition >. The true result however necessarily comes out ; 
because that result is independent of a// condition as to how the limit ¢ is reached. 

In the other method of integration, the indeterminateness adverted to is not evaded, but is 
allowed to enter into the process: it is however wholly disregarded; and thus, by a sort of com- 
pensation of errors, the true result is again obtained. This, I presume, is the method to which 
Sir. W. R. Hamilton alludes, at page 16 of his profound and remarkable paper on Fluctuating 
Functions§, where an accurate investigation of this integral is given ||. 

It may be proper to add, that when by applying differentiation to a determinate form, whether 
an infinite series or a definite integral, we are led to indeterminateness, the step must be regarded 
as inadmissible, and unless corrected, as leading to a false result. It is not difficult to see the reason 
of this. In each case a certain constant is considered to be infinite; for which extreme value 
a particular function of the variable, that for all other values of the constant would have entered the 
original expression, disappears ; but which function if preserved, instead of being obliterated as zero, 
would reappear in an indeterminate form, after differentiation. The suppression however of the 
evanescent function in the original, precludes this reappearance ; and thus leads to a defective 
result§. This, I think, is rather an interesting fact : it shows that the differentials of certain forms 
of analysis require indeterminate corrections, in a manner somewhat analogous to that by which the 
ordinary determinate corrections are introduced into integrals ; and the omission of which indeter- 
minate corrections has led to so many erroneous summations of certain trigonometrical series. From 


* Transactions of the Society, Vol. vi11. Part 111. Earn- | applies whenever the subject of integration, in integrals of this 
shaw’s Paper on sine and cose. It may be remarked here, in kind, becomes zero for w=co. 


reference to the two integrals in the text, that the function under + Chaleur, p. 288. 

the sign of integration becomes in each case zero at the superior + Legendre: Exercises de Calcul Intégral, Tome i. p. 357. 
limit =: and that therefore, as was before observed of periodic § Transactions of the Royal Irish Academy, Vol. x1x. Pt. 11. 
series, the foreign factor, e~*, which Poisson introduces merely to || For the faulty process, see Gregory’s Examples, p. 481. 
destroy indeterminateness at this limit, is inoperative, and may « See a Paper by the author in the Phil. Mag. Vol. xxvuit. 


therefore be admitted without incurring error: and the same remark | p. 213. 
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this omission, too, we further see how it happens that, in enquiries of this kind, we may be led from 
premisses absolutely wrong, and that by a train of correct reasoning, to conclusions absolutely 
right. We have only to take the results of differentiation here noticed, each with the indeterminate 
constant suppressed, and which are thus erroneous, and to apply the reverse process of integration, in 
order to arrive at correct forms. Thus Poisson, starting from the false equation 


1 = cos @ — cos20 + cos 39 — cos 40 + &e.*, 


2 
in which he supposes @< 7, multiplies by d@ and integrates ; thus obtaining the true equation 
Qieers. sin2@  sin3@  sin40 
= sin 8 — Fae S55 ((22)))- 


C4 2 3 


and from a second integration, the other true equation 


r 6 Q cos20@ cos3@ cos 40 s 
Se - ) eee + ke. 
12 4 4 9 16 


Again: proceeding from the false equation, 

0 = sin 8 — sin 30 + sin 50 — sin76 + &e., 
he arrives, in a similar manner, at the true results 
cos3@ cos5@ cos7@ 


= cos @ — + — - Se Co Been 2) 
3 5 


| 


~“ 


sin3@ sin 5 


70 : 
and —e=sin@— 
4 9 25 


in reference to which however, from neglecting the principle of continuity, he commits the error of 
supposing (4) to fail when 6 = x, and (B) to fail when @ = —; although, in virtue of that principle, 
9 


beth must necessarily hold +. 


As supplementary to the foregoing observations on the principle of continuity, I would wish to 
add a remark or two in reference to what has been called discontinuity :—a term which, I think, is 
sometimes injudiciously employed in analysis. Many expressions called discontinuous, should rather 
be considered as composed of different continuous groups united together under one general form. 
Distinct continuities, so to speak, may be comprehended in one and the same function ; and it is 
obvious that these may be separately discussed, and the aggregate of the entire group estimated, 
without at all introducing the idea of discontinuity. For instance, certain functions, submitted to 
integration, become infinite between assigned limits of #:——would it not be better, and indeed mor 
accurate, to say, of such functions, that each consists of two continuous series of values, within the 
proposed limits, both series terminating at the same absolute value of w, than to say that the 
function becomes discontinuous for that value? To obtain the definite integral in such a case, we 
should only have first to integrate over one of the continuous series of values, then to integrate over 
the other continuous series, and to unite the results, taking special care that the terminal or initial 
value of w, which unites the two series, obeys the law of continuity impressed upon each. And in 
this way may the integration be correctly executed, however often infinity may occur between 


atn 


the proposed limits. The definite integral / uv-'dz may serve for illustration. The function 
_—m 


I suppose Poisson considers the powers of his arbitrary multiplier, 
‘“‘infiniment peu différente de l’unité,” to be virtually present in 
these series, to destroy their periodic character. But this does not 


“ That this equation is false, has already been shown by the 
author in the Phil. Mag. for December, 1845. But it is sufficient 
to observe, both with respect to this equation and that next | 
quoted, that it is impossible, from the character of sin c and | interfere with the principle in the text. 
cos co, that the series-side of either can be a determinate quantity. + See Journalde Ecole Polytech.,Cahier xvi11. pp. 313—4. 
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»~' becomes infinite for 2 = 0; so that we have two continuous series of values, each terminating, 
or each commencing at # = 0; which value of # however is united to one series by the sign plus, and 
to the other by the sign minus. Hence, integrating over the former series, we have log n — log 0; 
and integrating over the latter, we have log (— m) — log (— 0). Consequently 


Hf a-'da = }log n — log 0} — flog (— m) — log (- 0)} 


eb ill: n 
= lente 5 OF FiOS 

There is of course nothing new in thus dividing a definite integral into portions: but the 
treating of these portions, when their boundaries are infinite, as distinct continuities, allowing the 
influence of each continuous law to operate throughout the entire range, the limits included :—this 
mode, I say, of treating what are called discontinuous functions, is not that generally adopted ; 
though the neglect of it has occasioned a difficulty that has appeared to interfere with the clearness of 
the idea of a definite integral when considered as the limit of a summation. Moreover, from this 


same neglect, Poisson and others have been led to very erroneous values for the definite integrals 
+n 


included in the form if w-’ daw. Thus Poisson affirms that 


—m 
+1 a: 25 
if w-! da = — (2n +1) r\/— 1*, 
a) 
+1 
an imaginary quantity, instead of zero as above: and the value of if x-*da he states to be —2, 
=I 
instead of infinite, as it is found to be by the method here proposed, which gives 


+1 
if a?da=(+ 0-1) -(-e +1) =20e -2, 
-1 


and many other such errors might, if necessary, be adduced from his writings. 


But the examples already given of the influence of the principle of continuity in extreme 
or limiting cases of general forms, and of the mistakes committed by analysts from disregarding this 
influence, will, I think, be considered as sufficient to invite more general attention to this matter: 
and I shall rejoice if the brief and imperfect sketch I have here attempted to give of the views and 
principles, by conforming to which such mistakes may be avoided, meet with acceptance from the 
Cambridge Philosophical Society. I have been induced to submit it to the indulgent consideration of 
that distinguished body, chiefly because the topics embraced in it have already furnished matter for 
two Papers printed in the Cambridge Transactions :—one by Professor De Morgan, and the other 
by the Rev. Mr. Earnshaw. I have ventured to entertain the opinion that the views and investi- 
gations of these excellent analysts do not preclude the necessity for a further consideration of the 
interesting and somewhat delicate points of analysis which they have discussed: an opinion which is 
strengthened by the fact, that the Papers referred to are in a considerable degree opposed to each 
other, both in principle and in result. It is scarcely necessary to add, that in the present communi- 
cation I have contemplated the subject under an aspect more or less different from that in which it 
has been considered either by Mr. De Morgan, or by Mr. Earnshaw ; and I think it probable, 
from the study of the three Papers, that the truth may be elicited ; and something like consistency 
and stability be at length given to a portion of analytical science which has long been affected with 
much uncertainty, vagueness, and perplexity. 


* Journal del Ecole Polytechnique, Cah. xviit. p. 318. 
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Of the two Nores which follow, the segond has already been referred to, by anticipation, in the 
text : the first is intended further to confirm and establish the accuracy of the general theory which 
pervades this Paper. 


Note (A.) 


Ir appears from the preceding observations that in certain infinite series involving a quantity subject to con- 
tinuous variation we are presented in the extreme or limiting cases, with instances of what may be called 
insensible convergency and insensible divergency. The peculiarity of such cases consists in this:—that, within 
a finite extent of a certain infinite range of terms, the convergency or divergency of the series is insensible ; so 
that for such a finite extent the series does not sensibly differ from what I have proposed to call a neutral or 
independent series. When however we pass beyond this finite range, and in imagination contemplate the terms 
infinitely remote, we at once recognize the accumulated effect of these insensible variations; and the con- 
vergency or divergency of the series becomes abundantly apparent. The infinitely remote term at which this 
fact discovers itself, is alike the termination of one infinite range of terms and the commencement of another: 
the completion of which, if the expression may be allowed, shows the effect of the insensible variations through 
a second infinite range, and so on. 

We are thus unavoidably led to the contemplation of different orders of infinites and different orders 
ot zeros—things altogether beyond the reach of actual ocular examination. But those who take that com- 
prehensive view of the scope and powers of analysis, which its own well-established results, and the practice of 
those most deeply imbued with its spirit so fully justify, will not, I think, found any objection to the reason- 
ings in the foregoing Paper on this circumstance. In fact, in the common doctrine of vanishing fractions, the 


: 0 : = 
very same principles are virtually recognized: the symbols 7 and =, which ought perhaps rather to be 


written us and a2 » may each represent any ratio whatever :—even infinity: so that the reasonings adverted 
© 


to involve in them nothing repugnant to generally received conclusions. The symbols here noticed, when 
really determinate, are so solely in consequence of their being governed by the principle of continuity. 
This is pretty generally admitted: but there are certain other results of analysis, which the same principle 
equally controls, but over which its influence is little suspected. Every one admits the truth of the equation 
a= 1, whatever be the value of a, without any reference to the law of continuity: yet if we reason from this 
equation—still keeping the conditions of continuity out of sight—we shall speedily be led to conclusions of a 


very startling character, as follows :— 
1 


@=1; ». a=1 =1°, 


that is to say, unity raised to the power infinity is equal to any quantity whatever ! 


Nore (B.) 


Ir was observed at page 432 that every neutral converging series might, without error, be replaced by the 
corresponding dependent series. This observation might have been rendered more comprehensive; for 
diverging series, whose terms continually tend to zero, might also have been included, since the dependent 
series, corresponding to these, have infinite sums, as well as the independent diverging series themselves. 
These infinites however are not strictly identical in the two cases: and by saying that the one series may 
replace the other, nothing more is meant than that the sum in either case will be infinite. Poisson, Abel, and 
others, have shown that 


1 iA 1 
g log (1 +2a cos p + a’) =a cos p—5 a? Cos2p + 5 a°cos 3p — &e. 


Vou. VIII. Parr IV. OM iF 
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whenever the second member is a converging series. Abel says, “ Pour avoir les sommes de ces séries 
lorsque a=+1 ou —1, il faut seulement faire a converger vers cette limite *:” and he then writes 


1 
| 1 log (2 +2 cos $) = cos pcos 2p +5 C083. ~ Ke. 


[4] 


1 log (2 ~2 cos p) = — cos — 3 €08 2 — 5 cos 34 — Ke 


which he says, “a lieu pour toute valeur de ¢ excepté pour ¢ =(2+1)7 dans la premiere expression, et pour 
¢ =2u7 dans la seconde.” Now the second members of these equations are not the limits of the proposed 
general form, any more than 1—1+1-—&c. is the limit of 1—x+2°—&e. A limit always implies continuity, 
and is never exempt from the control of that principle: putting therefore the condition of continuity in 
evidence, the preceding expressions should be written 


a =(1 : -}(1-Zye 2 +30-2) 3o-& 
5 log (2 + 2 cos p) = - =) eos 2 a) 082O +3 a) 008 5p — &e. 


1 1 1 LAND 1 iN 
5 og (2-2cos9)=- (1 - 5 )e0s@-5(1 -=) cos ~5 (1 -3) cos 3p — &e, 


which are true, whatever be the value of @, for the series are always convergent. As @ tends to the values 
excepted to by Abel, the series tend to infinity ; which they actually attain when these excepted values 
are reached, as the first members sufficiently show. We thus see that 


1 1 1 TENG i( =) 
= _-— =(1——) +-—(1 -—-—) + &e. 
1+3(1 =)+5( =) 4 fo) i 


1 ibe il 
poet Sth ies 
os dis Ag gee 


is infinite as well as 


A lin 1 
In like manner, from the development of log j=_ we should infer that 


1 1 1 Naat NY 
1+3(1-2)+3(1~3) +7(1 =) +e. 


is infinite as well as 


ese 
I+gtgtyt&e., 
and thence that 
1 2 1 3 1 
Se fe (Pe Wes (pe = t 
stro =) al =) + & 
is infinite as well as 


so that any of these diverging infinite series may be replaced by the corresponding dependent converging series, 
and vice versd, without numerical error. And a priori considerations, in reference to this class of diverging 
series, would lead us to the same conclusion. The equations [4] are thus universally true without any 
exception whatever. 


* Guvres Complétes. Tome 1. p. 89. 


Belfast, September, 1846. 


XXXIII. On the Theory of Oscillatory Waves. By G. G. Stoxes, M.A., 
Fellow of Pembroke College. 


[Read March 1, 1847.] 


Ix the Report of the Fourteenth Meeting of the British Association for the Advancement of 
Science it is stated by Mr. Russell, as a result of his experiments, that the velocity of propagation 
of a series of oscillatory waves does not depend on the height of the waves*. A series of oscillatory 
waves, such as that observed by Mr. Russell, does not exactly agree with what it is most convenient, 
as regards theory, to take as the type of oscillatory waves. The extreme waves of such a series 
partake in some measure of the character of solitary waves, and their height decreases as they 
proceed. In fact it will presently appear that it is only an indefinite series of waves which 
possesses the property of being propagated with a uniform velocity, and without change of form: 
at least this is the case when the waves are such as can be propagated along the surface of a fluid 
which was previously at rest. The middle waves, however, of a series such as that observed by 
Mr. Russell agree very nearly with oscillatory waves of the standard form. Consequently, the 
velocity of propagation determined by the observation of a number of waves, according to Mr. 
Russell’s method, must be very nearly the same as the velocity of propagation of a series of 
oscillatory waves of the standard form, and whose length is equal to the mean length of the waves 
observed, which are supposed to differ from each other but slightly in length. 

On this account I was induced to investigate the motion of oscillatory waves of the above form 
to a second approximation, that is, supposing the height of the waves finite, though small. I find 
that the expression for the velocity of propagation is independent of the height of the waves to a 
second approximation. With respect to the form of the waves, the elevations are no longer similar 
to the depressions, as is the case to a first approximation, but the elevations are narrower than the 
hollows, and the height of the former exceeds the depth of the latter. This is in accordance with 
Mr. Russell’s remarks at page 448 of his first Report+. I have proceeded to a third approximation 
in the particular case in which the depth of the fluid is very great, so as to find in this case the 
most important term, depending on the height of the waves, in the expression for the velocity of 
propagation. This term gives an increase in the velocity of propagation depending on the square 
of the ratio of the height of the waves to their length. 

There is one result of a second approximation which may possibly be of practical importance. 

‘It appears that the forward motion of the particles is not altogether compensated by their backward 
motion ; so that, in addition to their motion of oscillation, the particles have a progressive motion in 
the direction of propagation of the waves. In the case in which the depth of the fluid is very great, 
this progressive motion decreases rapidly as the depth of the particle considered increases. Now 
when a ship at sea is overtaken by a storm, and the sky remains overcast, so as to prevent astro- 
nonical observations, there is nothing to trust to for finding the ship’s place but the dead reckoning. 
But the estimated velocity and direction of motion of the ship are her velocity and direction of 
motion relatively to the water. If then the whole of the water near the surface be moving in the 
direction of the waves, it is evident that the ship’s estimated place will be erroneous. If, however, 
the velocity of the water can be expressed in terms of the length and height of the waves, both 
which can be observed approximately from the ship, the motion of the water can be allowed for in 
the dead reckoning. 


“ Page 369 (note), and page 370. Tt Reports of the British Association, Vol. vt. 
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As connected with this subject, I have also considered the motion of oscillatory waves propagated 
along the common surface of two liquids, of which one rests on the other, or along the upper 
surface of the upper liquid. In this investigation there is no object in going beyond a first 
approximation. When the specific gravities of the two fluids are nearly equal, the waves at their 
common surface are propagated so slowly that there is time to observe the motions of the individual 
particles. The second case affords a means of comparing with theory the velocity of propagation of 
oscillatory waves in extremely shallow water. For by pouring a little water on the top of the mercury 
in a trough we can easily procure a sheet of water of a small, and strictly uniform depth, a depth, 
too. which can be measured with great accuracy by means of the area of the surface and the quantity 
of water poured in. Of course, the common formula for the velocity of propagation will not apply 
to this case, since the motion of the mercury must be taken into account. 


1. Iw the investigations which immediately follow, the fluid is supposed to be homogeneous 
and incompressible, and its depth uniform. The inertia of the air, and the pressure due to 
a column of air whose height is comparable with that of the waves are also neglected, so that 
the pressure at the upper surface of the fluid may be supposed to be zero, provided we afterwards 
add the atmospheric pressure to the pressure so determined, The waves which it is proposed to 
investigate are those for which the motion is in two dimensions, and which are propagated with 
a constant velocity, and without change of form, It will also be supposed that the waves are 
such as admit of being excited, independently of friction, in a fluid which was previously at rest. 
It is by these characters of the waves that the problem will be rendered determinate, and not by 
the initial disturbance of the fluid, supposed to be given. The common theory of fluid motion, 
in which the pressure is supposed equal in all directions, will also be employed. 


Let the fluid be referred to the rectangular axes of z, y, x, the plane «x being horizontal, 
and coinciding with the surface of the fluid when in equilibrium, the axis of y being directed 
downwards, and that of 2 taken in the direction of propagation of the waves, so that the ex- 
pressions for the pressure, &c. do not contain z. Let p be the pressure, p the density, ¢ the 
time, «, v the resolved parts of the velocity in the directions of the axes of x, y; g the force of 
gravity, h the depth of the fluid when in equilibrium. From the character of the waves which 
was mentioned last, it follows by a known theorem that wdw + vdy is an exact differential dq. 
The equations by which the motion is to be determined are well known. They are 


dp _p (3 i oe, 
pa apy epee} Tal Se ee g teteeeeeee peceeneecee (2 
op ap 

= ——*— = Oy soccer cocccccerccscerees sore Acrmioce| 3) lees 
dx? " dy? ) 
ce. = 0, when y =A, ..cceececcereecsenece rer teereccccccsscesees (3); 
dy 


Cee eee Su when p = 0, .--.ccceercteneceenes (4): 

dt dwdwxe dy dy 

where (3) expresses the condition that the particles in contact with the rigid plane on which the 
fluid rests remain in contact with it, and (4) expresses the condition that the same surface of 
particles continues to be the free surface throughout the motion, or, in other words, that there is 
no generation or destruction of fluid at the free surface. 
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If ¢ be the velocity of propagation, ~, v and p will be by hypothesis functions of « — ef and y. 
: dg d 
It follows then from the equations w= ? > v= — and (1), that the differential coefficients 
ub y 
of @ with respect to x, y and ¢ will be functions of w—cé and y; and therefore @ itself must 
be of the form f(v—ct, y)+Ct. The last term will introduce a constant into (1); and if 
this constant be expressed, we may suppose p to be a function of «— et andy, Denoting «w — ct 


by a’, we have 


dp _dp dp dp 


dx da’ dt y dz’ 


and similar equations hold good for @. On making these substitutions in (1) and (4), omitting 
the accent of 2, and writing — gk for C, we have 


d 
p=sply+k) + ep e - el() + + (3) 1, sue ae (5), 
dp \ dp ~@ dp 
(= e) Fig heii oe when pieiGs 259-012. Maes (6): 


Substituting in (6) the value of p given by (5), we have 


dp _ tp Py ea dp ae 


dy dy de® dx dx dy dady 
a ee st ee ee 
dx} da dw dy dady dy! dy ietaie <isteiele’= 7 
; dp J p dg 
when e(y +h) +eTP 3 1(P) 4 + (3) }- ae ea eee Pane (8). 


The equations (7) and (8) are exact; but if we suppose the motion small, and proceed to the 
second order only of approximation, we may neglect the last three terms in (7), and we may 
: a8 d dq 
easily eliminate y between (7) and (8), For putting @, @,, &c. for the values of ? , e , &e. 
dx dy 
when y=0, the number of accents above marking the order of the differential coefficient with 
respect to 7, and the number below its order with respect to y, and observing that & is a small 
quantity of the first order at least, we have from (8) 


ied, cia ae aka 
whence okt et Sete a. (b+ oo) +, ag Diese nxt (OD: 


Substituting the first approximate tice of y in the first two terms of (7), putting y= 0 in the 
next two, and reducing, we have 


Eh, - CD" — @h, — Ch, ) (+ P) + 20('P' + H,,) =O. --- (10). 


will now have to be determined from the general equation (2) with the particular conditions (3) 
and (10). When @ is known, y, the ordinate of the surface, will be got from (9), and & will 
then be determined by the condition that the mean value of y shall be zero. The yalue of p, if 
required, may then be obtained from (5). 


* The reader will observe that the y in this equation is the ordinate of the surface, whereas the y in (1) and (2) is the ordinate of 
any point in the fluid. The context will always show in which sense y is employed. 
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2. In proceeding to a first approximation we have the equations (2), (3) and the equation 
obtained by omitting the small terms in (10), namely, 


i d° 
ue -¢ <# S10; When l= i0Nee vests. be. soo eatecteeee oes CL) = 
The general integral of (2) is 

p = DAem**ny, 


the sign = extending to all values of A, m and m, real or imaginary, for which m? +n? =0: 
the particular values of @, Ca + C', Dy + D’, corresponding respectively to 7 =0, m=0, must 
also be included, but the constants C’, D' may be omitted. In the present case, the expression 
for @ must not contain real exponentials in 2, since a term containing such an exponential would 
become infinite either for 7 = — ©, or for v= + o, as well as its differential coefficients which 
would appear in the expressions for w and v; so that m must be wholly imaginary. Replacing 
then the exponentials in w by circular functions, we shall have for the part of @ corresponding 
to any one value of m, 


(Ac"! + A’e~"Y) sin ma + (Be"! + Be7™") cos ma, 


and the complete value of @ will be found by taking the sum of all possible particular values of 
the above form and of the particular value Cx + Dy. When the value so formed is substituted 
in (3), which has to hold good for all values of x, the coefficients of the several sines and cosines, 
and the constant term must be separately equated to zero. We have therefore 


i= 055 Aue; ne Annee — err ie 
so that if we change the constants we shall have 
p=Cx+ (e"" 4 e-™"') (A sin maz + Bcosmz), ... (12), 
the sign = extending to all real values of m, A and B, of which m may be supposed positive. 


3. To the term Cw in (12) corresponds a uniform velocity parallel to 2, which may be supposed 
to be impressed on the fluid in addition to its other motions, If the velocity of propagation be 
defined merely as the velocity with which the wave form is propagated, it is evident that the 
velocity of propagation is perfectly arbitrary. For, for a given state of relative motion of the 
parts of the fluid, the velocity of propagation, as so defined, can be altered by altering the value 
of C. And in proceeding to the higher orders of approximation it becomes a question what 
we shall define the velocity of propagation to be. Thus, we might define it to be the velocity 
with which the wave form is propagated when the mean horizontal velocity of a particle in the 
upper surface is zero, or the velocity of propagation of the wave form when the mean horizontal 
velocity of a particle at the bottom is zero, or in various other ways. The following two definitions 
appear chiefly to deserve attention. 


First, we may define the velocity of propagation to be the velocity with which the wave form 
is propagated in space, when the mean horizontal velocity at each point of space occupied by the 
fluid is zero. The term mean here refers to the variation of the time. This is the definition 
which it will be most convenient to employ in the investigation. I shall accordingly suppose 
C =0 in (12), and e will represent the velocity of propagation according to the above definition. 


Secondly, we may define the velocity of propagation to be the velocity of propagation of the 
wave form in space, when the mean horizontal velocity of the mass of fluid comprised between 
two very distant planes perpendicular to the axis of w is zero. The mean horizontal velocity of 
the mass means here the same thing as the horizontal velocity of its centre of gravity. This 
appears to be the most natural definition of the velocity of propagation, since in the case considered 
there is no current in the mass of fluid, taken as a whole. I shall denote the velocity of propaga- 
tion according to this definition by c’. In the most important case to consider, namely, that in 
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which the depth is infinite, it is easy to see that c’ = ¢, whatever be the order of approximation. 
For when the depth becomes infinite, the velocity of the centre of gravity of the mass comprised 
between any two planes parallel to the plane yz vanishes, provided the expression for w contain 
no constant term. 


4. We must now substitute in (11) the value of @. 
C= 2 e~"@-9) (4 sin ma + Bos mz) ....000-+00- (13) 5 


but since (11) has to hold good for all values of «, the coefficients of the several sines and cosines 
must be separately equal to zero: at least this must be true, provided the series contained in (11) 
are convergent. The coefficients will vanish for any one value of m, provided 

g em? i~ Pa 


ge Te re eccccvee (14). 


Putting for shortness 2mh =p, we have 
d log c* 1 2 
_———— + —— 
du Bp &=e*- 


which is positive or negative, » being supposed positive, according as 


3 
Qari &—-e* >< 2 (.+ abhaslpe Ss Be 
ar Sears | 
and is therefore necessarily negative. Hence the value of ¢ given by (14) decreases as uw or m 
increases, and therefore (11) cannot be satisfied, for a given value of c, by more than one positive 
value of m. Hence the expression for @ must contain only one value of m. Either of the terms 
4 cos mx, B sin ma may be got rid of by altering the origin of w We may therefore take, for 
the most general value of @, 


Gre xh (Gt ASD I) aid tae ee, Be oan dense C15): 


Substituting in (8), we have for the ordinate of the surface 


m Ac 


y= - r (e") ms e7m 


NNCOSIAN Ain easeseeat dines me oonmeeeae LO); 
k being = 0, since the mean value of y must be zero. Thus everything is known in the result 
except 4 and m, which are arbitrary. 


5. It appears from the above, that of all waves for which the motion is in two dimensions, 
which are propagated in a fluid of uniform depth, and which are such as could be propagated into 
fluid previously at rest, so that wda + vdy is an exact differential, there is only one particular kind, 
namely, that just considered, which possesses the property of being propagated with a constant 
velocity, and without change of form; so that a solitary wave cannot be propagated in this manner. 
Thus the degradation in the height of such waves, which Mr. Russell observed, is not to be 
attributed wholly, (nor I believe chiefly,) to the imperfect fluidity of the fluid, and its adhesion to 
the sides and bottom of the canal, but it is an essential characteristic of a solitary wave. It is true 
that this conclusion depends on an investigation which applies strictly to indefinitely small motions 
only: but if it were true in general that a solitary wave could be propagated uniformly, without 
degradation, it would be true in the limiting case of indefinitely small motions; and to disprove 
a general proposition it is sufficient to disprove a particular case. 


6. In proceeding to a second approximation we must substitute the first approximate value of 
, given by (15), in the small terms of (10). Observing that k = 0 to a first approximation, and 
eliminating g from the small terms by means of (14), we find 


&h, — Op’ — 6A mic sin 2mMaH = 0... .0.00204 (17): 
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The general value of @ given by (13), which is derived from (2) and (3), must now be restricted to 
satisfy (17). It is evident that no new terms in @ involving sin ma or cos ma need be introduced, 
since such terms may be included in the first approximate value, and the only other term which can 
enter is one of the form B(e""-” +e""—”) sin 2mm. Substituting this term in (17), and 
simplifying by means of (14), we find 
3m A* 
re c (e" x em)? ; 

Moreover since the term in @ containing sin mw must disappear from (17), the equation (14) will 
give ¢ to a second approximation. 

If we denote the coefficient of cos mw in the first approximate value of y, the ordinate of the 
surface, by a, we shall have 
ga ca 


A ——) Se => — > 
me (@" re e7™) ent = Pe 


and substituting this value of A in that of @, we have 
ei th-y) op en mM (h-y erm (hy) 4 e~2m(h—-y) 


fp ee 7 i. 2a = = — St 7 
= == sin mx +3ma*c SSS I BO. onc (CE 
e™" —€ (Cee=le5) 


p = -—ac 


‘The ordinate of the surface is given to a second approximation by (9). It will be found that 


F (e™ au Ce) (GH fe e72m re 4) 
yY=a cos MX -—-MA — Py (e™ < eae 


COS 2 Piven ee stece easel) 


2 
ma” 
ezmh = ez 


k= 


7. The equation to the surface is of the form 
Y= GCOS MG; — KGG* COSIQM D> saadeenee heclenlaeciises sacle (20), 


where K is necessarily positive, and a may be supposed to be positive, since the case in which it is 
negative may be reduced to that in which it is positive by altering the origin of w by the quantity 


7 r E 
— or —, Xd being the length of the waves. On referring to (20) we see that the waves are sym- 
mM a 

metrical with respect to vertical planes drawn through their ridges, and also with respect to vertical 
planes drawn through their lowest lines. The greatest depression of the fluid occurs when a = 0 


é r 3X 
or = +}, &c., and is equal to a — a’ kK: the greatest elevation occurs when vw = + 5 or =+ he &c., 


and is equal to a+a°K. Thus the greatest elevation exceeds the greatest depression by 2a°K. 
When the surface cuts the plane of mean level, cos mx — aK cos 2ma = 0. Putting in the small 


> 4 : T Tw eS) 
term in this equation the approximate value ma = mks have cos mw = — aK = cos (: + aK | 


A akxr 5A. 6a KX 
whence @ = + fs + ) 22 i 
4 Qr \ 4 Qa 


ie &e. We see then that the breadth of each hollow, 


Kx : 
measured at the height of the plane of mean level, is 4 7" | while the breadth of each elevated 
A T 


: ee ON Kx 
portion of the fluid is == re : 
Q 1. 


It is easy to prove from the expression for K, which is given in (19), that for a given value 
of X or of m, K increases as h decreases. Hence the difference in form of the elevated and 
depressed portions of the fluid is more conspicuous in the case in which the fluid is moderately 
shallow than in the case in which its depth is very great compared with the length of the waves. 
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8. When the depth of the fluid is very great compared with the length of a wave, we may 
without sensible error suppose / to be infinite. This supposition greatly simplifies the expressions 
already obtained. We have in this case 


P = — ACE SIN MA oo.cceseeconcerenccorcercercesseseee (21); 


Y = @ COS Ma — LMA” COS QM ...0.cceceeeecceseseee» (22)5 


mM Zr 
k=0. K=—=- ; ge ~ 
‘ 2) a aa ES 
the y in (22) being the ordinate of the surface. 
It is hardly necessary to remark that the state of the fluid at any time will be expressed by 


merely writing w — ct in place of @ in all the preceding expressions. 


9. To find the nature of the motion of the individual particles, let « + & be written for x, y + 
for y, and suppose a and y to be independent of ¢, so that they alter only in passing from one 
particle to another, while & and y are small quantities depending on the motion, Then taking the 
case in which the depth is infinite, we have 


d - 

2 =u =-—mace ™"*" cosm (av + & — ct) = — mace~™ cosm (x — ct) + mace~™ sinm (a —- ct) .& 
+m ace~™” cos m (w — ct). , nearly, 

d : : 

= =v = mace" sin m (a + & — ct) = mace-™ sin m (wv — ct) + m’ace-™ cos m (vw — ct) .& 


— m'ace—™ sin m (x — cf). n, nearly. 
Yo a first approximation 
E=ae™ sinm(«#-ct), n= ae" cos m (x — ct), 

the arbitrary constants being omitted. Substituting these values in the small terms of the preceding 
equations, and integrating again, we have 

& =ae—™ sin m (a — ct) + m*a’cte*™, 

n =ae—™ cos m (w — cb). 

Hence the motion of the particles is the same as to a first approximation, with one important 

difference, which is that in addition to the motion of oscillation the particles are transferred forwards, 
that is, in the direction of propagation, with a constant velocity depending on the depth, and 


decreasing rapidly as the depth increases. If U be this velocity for a particle whose depth below 
the surface in equilibrium is y, we have 


: Qar\h 4 ty 
U=m'e@ce*™ =a? (=) peer BANE rane Soee estan eee wat dua’ CO) 


The motion of the individual particles may be determined in a similar manner when the depth 
is finite from (18). In this case the values of & and » contain terms of the second order, involving 
respectively sin 2m (wv —c#) and cos 2m (w — cf), besides the term in € which is multiplied by ¢. 
The most important thing to consider is the value of U, which is 


eemy-A) 4 —2m(y—A) 
(e™ a en): 


Since U is a small quantity of the order a*, and in proceeding to a second approximation the 
velocity of propagation is given to the order a only, it is immaterial which of the definitions of 
velocity of propagation mentioned in Art. 3, we please to adopt. 


Vou. VIII. Part IV. 3M 


U =m'a’ec 
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10. The waves produced by the action of the wind on the surface of the sea do not probably 
differ very widely from those which have just been considered, and which may be regarded as 
the typical form of oscillatory waves. On this supposition the particles, in addition to their 
motion of oscillation, will have a progressive motion in the direction of propagation of the waves, 
and consequently in the direction of the wind, supposing it not to have recently shifted, and this 
progressive motion will decrease rapidly as the depth of the particle considered increases. If the 
pressure of the air on the posterior parts of the waves is greater than on the anterior parts, 
in consequence of the wind, as unquestionably it must be, it is easy to see that some such pro- 
gressive motion must be produced. If then the waves are not breaking, it is probable that equation 
(23), which is applicable to deep water, may give approximately the mean horizontal velocity 
of the particles; but it is difficult to say how far the result may be modified by friction. If 
then we regard a ship as a mere particle, in the first instance, for the sake of simplicity, and put 
U, for the value of U when y=0, it is easy to see that after sailing for a time ¢, the ship 
must be a distance U,¢ to the lee of her estimated place. It will not however be sufficient to 
regard the ship as a mere particle, on account of the variation of the factor e~*"”, as y varies from 
0 to the greatest depth of the ship below the surface of the water. Let 6 be this depth, or rather 
a depth something less, in order to allow for the narrowing of the ship towards the keel, and suppose 
the effect of the progressive motion of the water on the motion of the ship to be the same as 
if the water were moving with a velocity the same at all depths, and equal to the mean value 
of the velocity U from y=0 to y= 6. If U, be this mean velocity, 


oe) Pas mae jena Sei 
id nib Ly = oa. = G A 


On this supposition, if a ship be steered so as to sail in a direction making an angle @ with the 
direction of the wind, supposing the water to have no current, and if V be the velocity with which 
the ship moves through the water, her actual velocity will be the resultant of a velocity V in 
the direction just mentioned, which, for shortness, I shall call the direction of steering, and of 
a velocity U, in the direction of the wind, But the ship’s velocity as estimated by the log-line 
is her velocity relatively to the water at the surface, and is therefore the resultant of a velocity V in 
the direction of steering, and a velocity U, — U, in a direction opposite to that in which the wind 
is blowing. If then £ be the estimated velocity, and if we neglect U*, 


E=V -(U,- U,) cos@. 


But the ship’s velocity is really the resultant of a velocity V+ U,cos@ in the direction of steering, 
and a velocity U,sin@ in the perpendicular direction, while her estimated velocity is # in the 
direction of steering. Hence, after a time ¢, the ship will be a distance U,¢ cos@ ahead of 
her estimated place, and a distance U,t sin @ aside of it, the latter distance being measured in a 
direction perpendicular to the direction of steering, and on the side towards which the wind is 
blowing. 


I do not suppose that the preceding formula can be employed in practice; but I think it 
may not be altogether useless to call attention to the importance of having regard to the magnitude 
and direction of propagation of the waves, as well as to the wind, in making the allowance for 
lee-way. 


11. The formule of Art. 6 are perfectly general as regards the ratio of the length of the waves 
to the depth of the fluid, the only restriction being that the height of the waves must be sufficiently 
small to allow the series to be rapidly convergent. Consequently, they must apply to the limiting 
case, in which the waves are supposed to be extremely long. Hence long waves, of the kind 
considered, are propagated without change of form, and the velocity of propagation is independent 
of the height of the waves to a second approximation. These conclusions might seem, at first sight, 
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at variance with the results obtained by Mr. Airy for the case of long waves*. On proceeding 
to a second approximation, Mr. Airy finds that the form of long waves alters as they proceed, 
and that the expression for the velocity of propagation contains a term depending on the height 
of the waves. But a little attention will remove this apparent discrepancy. If we suppose 
mh very small in (19), and expand, retaining only the most important terms, we shall find for 
the equation to the surface 


y = aCcosmx — = cos 2m2. 


4m* h 
Now, in order that the method of approximation adopted may be legitimate, it is necessary that 


, and therefore 


the coefficient of cos 2m in this equation be small compared with a. Hence 


3 


2 


a a : h\* , Ad ses 
ae must be small, and therefore i must be small compared with (=) . But the investigation 
of Mr. Airy is applicable to the case in which ;, 18 very large; so that in that investigation 

h 


a h\* ; : 4 
i is large compared with (5) . Thus the difference in the results obtained corresponds to a 
h 


difference in the physical circumstances of the motion. 


12. There is no difficulty in proceeding to the higher orders of approximation, except what 
arises from the length of the formule. In the particular case in which the depth is considered 
infinite, the formule are very much simpler than in the general case. I shall proceed to the third 
order in the case of an infinite depth, so as to find in that case the most important term, depending 
on the height of the waves, in the expression for the velocity of propagation. 

For this purpose it will be necessary to retain the terms of the third order in the expansion 
of (7). Expanding this equation according to powers of y, and neglecting terms of the fourth, &c. 
orders, we have 


EG - EP" + CG, CO/)9 + (h..- CG.) 4 20('9" +.9.) 
+ 20(p/ "+ 9)" + b,0/ + ,0,)¥ - P20" -29'G,0/ - O70, = 0. vee (25). 


In the small terms of this equation we must put for @ and y their values given by (21) and (22 
respectively. Now since the value of @ to a second approximation is the same as its value to 
a first approximation, the equation g@ —c’d” =0 is satisfied to terms of the second order. But 


2 


ne : : : 
the coefficients of y and z, in the first line of (25), are derived from the left-hand member of 


—my 


the preceding equation by inserting the factor e~"’, differentiating either once or twice with 
respect to y, and then putting y = 0. Consequently these coefficients contain no terms of the 
second order, and therefore the terms involving y in the first line of (25) are to be neglected. 


d , 
The next two terms are together equal to ¢ aa (p* +7). But 
lev 


p+ p;? = mac, 
which does not contain «, so that these two terms disappear. The coefficient of y in the 
second line of (25) may be derived from the two terms last considered in the manner already 
indicated, and therefore the terms containing y will disappear from (25). The only small terms 


“ Encyclopedia Metropolitana, Tides and Waves, Articles 198, &c. 
3SM2 
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remaining are the last three, and it will easily be found that their sum is equal to m‘a’c* sin mx, so 
that (25) becomes 
& oh, — 8G + mare’ sin mx =0....05.ss00000s 00 (26). 
The value of @ will evidently be of the form Ae~™ sinma. Substituting this value in (26), 
we have 
(m*c* — mg) A + mia’c® = 0. 


” 


Dividing by mA, and putting for A and e° their approximate values — ae, & respectively in 
m 


the small term, we have 
me = g + mag, 


ely es it sone ; ie ‘( re) 
whence e ( ) + 75) ma ) + e 


m 27 


The equation to the surface may be found without difficulty. It is 
y =acosma — 4 ma’ cos2mwa + 3 ma? cos 3Ma*,...0000000000e+(27): 
we have also kK=0, p= —ae (1 - 2 ma’) e~-™ sinme. 


The following figure represents a vertical section of the waves propagated along the surface 
: , ™ P 
of deep water. The figure is drawn for the case in which a = aie The term of the third order 


in (27) is retained, but it is almost insensible. The straight line represents a section of the plane 
of mean leyel. 


Be 22a Se SA 


——_—— 


13. If we consider the manner in which the terms introduced by each successive approximation 
enter into equations (7) and (8), we shall see that, whatever be the order of approximation, the 
series expressing the ordinate of the surface will contain only cosines of ma and its multiples, 
while the expression for @ will contain only sines. The manner in which y enters into the 
coefficient of cos rma in the expression for @ is determined in the case of a finite depth by 
equations (2) and (3). Moreover, the principal part of the coefficient of cos rmw or sin rm will 
be of the order a” at least. We may therefore assume 


p a3 > a” A, (7™*-» a e ita} sin PML, 


=acosma+>, a’B.cosrmex 
2 r > 


and determine the arbitrary coefficients by means of equations (7) and (8), having previously 
expanded these equations according to ascending powers of y. The value of c° will be determined 
by equating to zero the coefficient of sin ma in (7). 

Since changing the sign of a comes to the same thing as altering the origin of x by 3A, it is 
plain that the expressions for 4,, B, and c® will contain only even powers of a. Thus the values 
of each of these quantities will be of the form C, + C\a°+C,a‘ +... 

It appears also that, whatever be the order of approximation, the waves will be symmetrical with 
respect to vertical planes passing through their ridges, as also with respect to vertical planes 
passing through their lowest lines. 


* It is remarkable that this equation coincides with that of the sell to waves of the kind here considered. Reports of the British 
prolate cycloid, if the latter equation be expanded according to | Association, Vol. v1. p. 448. When the depth of the fluid is not 
ascending powers of the distance of the tracing point from the great compared with the length of a wave, the form of the surface 
centre of the rolling circle, and the terms of the fourth order be does not agree with the prolate cycloid even to a second approx- 
omitted. The prolate cycloid is the form assigned by Mr. Rus- | imation. 
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14. Let us consider now the case of waves propagated at the common surface of two liquids, 
of which one rests on the other. Suppose as before that the motion is in two dimensions, that the 
fluids extend indefinitely in all horizontal directions, or else that they are bounded by two vertical 
planes parallel to the direction of propagation of the waves, that the waves are propagated with 
a constant velocity, and without change of form, and that they are such as can be propagated into, 
or excited in the fluids supposed to have been previously at rest. Suppose first that the fluids 
are bounded by two horizontal rigid planes. Then taking the common surface of the fluids when 
at rest for the plane wx, and employing the same notation as before, we have for the under fluid 


ap th 

EN Peet SOM ices anise ne nawaeoeeees tees 28), 
d x? x dy ; (28) 
d 

ee == Oh WAT CWIg t=" Nig Sel la sio.oars «xo we oaisieis 6's (29), 


d 
p=C+epy tops, 


neglecting the squares of small quantities. Let 4, be the depth of the upper fluid when in equi- 
librium, and let p,, p,, p,, C, be the quantities referring to the upper fluid which correspond to 
Ps ps p, C referring to the under: then we have for the upper fluid 


ip dp 
——— eanes Hi) Soi clad a aabalulelolofelelotslevelot ba vec'e'ee ene vale eneeathonn es 5 
dx bf dy” (39) 
ee onnen ie =e ssasae Hide (31), 
dy : 
C dp, 
P,=©€,+ &p,y + cp, ae" 


We have also, for the condition that the two fluids shall not penetrate into, nor separate from each 
other, 


Lastly, the condition answering to (11) is 


dp do 2( th _ Fh, 
P == = ‘)-e a 0, ——— | = 0 epee ccnvcncccuns 33), 
é (p dy p, te a (» dae %@ 7) ed 
: dp dp, 
yh C—C = : —— SL SO) Bae soncoocne 34). 
when Ci+elp-p)yt+e (p a =P) sal 0 (34) 


Since C —- C’ is evidently a small quantity of the first order at least, the condition is that (33) 
shall be satisfied when y = 0. Equation (34) will then give the ordinate of the common surface of 
the two liquids when y is put = 0 in the last two terms. 


The general value of @ suitable to the present case, which is derived from (28) subject to the 
condition (29), is given by (13) if we suppose that the fluid is free from a uniform horizontal motion 
compounded with the oscillatory motion expressed by (13). Since the equations of the present 
investigation are linear, in consequence of the omission of the squares of small quantities, it will be 
sufficient to consider one of the terms in (13). Let then 


Gi AN ea EY) sin ohio i, oceans ebnabeswet. aorweatagnane (49)s 
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The general value of @, will be derived from (13) by merely writing — 4, for h. But in order 
that (32) may be satisfied, the value of @, must reduce itself to a single term of the same form as 
the second side of (35). We may take then for the value of @, 


pra A (ei? 4g MEM) ainsi ais: needa reneec spe ees send eee OO 


Putting for shortness 
eh are eomh = S's Pa — enim = D, 
and taking 8’, D, to denote the quantities derived from S, D by writing h, for h, we have from (32) 
DA VDT A= Ovecimatventeseeceeee hes ee ee eres tetas -esetareieeete (37), 
and from (33) 
p(eD'= me 8) Ay py (oD) + anenS \ Ar 20) espe ata eee tan (38) 
Eliminating A and 4, from (37) and (38), we have 


se ApS ppp: 
° 7 m pSD)+p,S,D ey 


The equation to the common surface of the liquids will be obtained from (34). Since the mean 
value of y is zero, we have in the first place 


C= Give viore m sioinoeisioeseseloesiaacie ssi oc see anee nce ee eee ee (40) 
We have then, for the value of y, 
YyH\2 COS MEM niche siewteisacoasion sesteeceleosnousesecee eee ciate steele (41), 
where 
mcep,AS'-pAS DD, p,A,S,- pAS (42) 
a= —= é = Wesiate stoisle syaistalvie ieee : 
Be p10) e pSD,+ pSD 
Substituting in (35) and (36) the values of 4 and A derived from (37) and (42), we have 
g=- > (e896 MIS), Sint gate oss aon tomee Se aoe ae (43), 
p, = = (ee EE) ares FO) \einigiay anaphase hteceeeeeec eee (44). 


Equations (39), (40), (41), (43) and (44) contain the solution of the problem. It is evident that 
C remains arbitrary. The values of p and p, may be easily found if required. 


If we differentiate the logarithm of c? with respect to m, and multiply the result by the product 
of the denominators, which are necessarily positive, we shall find a quantity of the form Pp + Pp, 
where P and P, do not contain p or p,._ It may be proved in nearly the same manner as in Art. 4, 
that each of the quantities P, P is necessarily negative. Consequently ec will decrease as m increases, 
or will increase with A. It follows from this that the value of @ cannot contain more than two 
terms, one of the form (35), and the other derived from (35) by replacing sin ma by cos ma, and 
changing the constant 4: but the latter term may be got rid of by altering the origin of w. 


The simplest case to consider is that in which both & and h’ are regarded as infinite compared 
with A. In this case we have 


p= -—ace-™ sin ma, p,=ace™ sin ma, pees a & >Y =4 cos M2, 


(ae RL 
the latter being the equation to the surface. 
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15. The preceding investigation applies to two incompressible fluids, but the results are 
applicable to the case of the waves propagated along the surface of a liquid exposed to the air, 
provided that in considering the effect of the air we neglect terms which, in comparison with those 
retained, are of the order of the ratio of the length of the waves considered to the length of a wave 
of sound of the same period in air. Taking then p for the density of the liquid, p, for that of the 
air at the time, and supposing h, = < , we have 


& (ep —p,) D &*| ( =) 2 
c= = = = 1 — — 
mpS+pD mS 1 ! os P » nearly. 


If we had considered the buoyancy only of the air, we should have had to replace g in the 


formula (14) by wae g. We should have obtained in this manner 
P. 


12 £0— 1) 27 (1 - &) 
m ps mS Pp ’ 


Hence, in order to allow for the inertia of the air, the correction for buoyancy must be increased 


ce 


: : D : : E 
in the ratio of 1 to 1 + ch The whole correction therefore increases as the ratio of the length of a 


wave to the depth of the fluid decreases. For very long waves the correction is that due to 
buoyancy alone, while in the case of very short waves the correction for buoyancy is doubled. 


Even in this case the velocity of propagation is altered by only the fractional part ( of the whole; 


and as this quantity is much less than the unavoidable errors of observation, the effect of the air in 
altering the velocity of propagation may be neglected. 


16. There is a discontinuity in the density of the fluid mass considered in Art. 14, in passing 
from one fluid into the other; and it is easy to show that there is a corresponding discontinuity in 
the velocity. If we consider two fluid particles in contact with each other, and situated on opposite 
sides of the surface of junction of the two fluids, we see that the velocities of these particles resolved 
in a direction normal to that surface are the same; but their velocities resolved in a direction tan- 
gential to the surface are different. These velocities are, to the order of approximation employed 


d d 
in the investigation, the values of ~ and = when y=0. We have then from (43) and (44), for 
@ x 


the velocity with which the upper fluid slides along the under, 


(5*5) 
mac |— + —] cos ma. 
v3 ee 5 
17. When the upper surface of the upper fluid is free, the equations by which the problem 
is to be solved are the same as those of Art. 14, except that the condition (31) is replaced by 
dp, Fh 


ce els iy 
dy dav 


ll 
| 
> 


“= 0, when y 


and to determine the ordinate of the upper surface, we have 


BGal. 


C,+ 8p, + cp, 3 


where y is to be replaced by — A, in the last term. Let us consider the motion corresponding to 
the value of @ given by (35). We must evidently have 


p, = (4, 6*9 + Be~*) sin ma, 
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where A, and B, have to be determined. The conditions (32), (33) and (45) give 
DA+A,- B =0, 
p(gD—-me*S) A +p,(g+ me’) A - p (g — me’) B,=0, 
(g +me)e "A — (g — me’) eB =0. 
Eliminating A, 4, and B, from these equations, and putting 


eG 
™m™ 


we find 


(p SS, + p,DD) G = (SD, + SD) rG + (0. — P,) DD = 0.... (46). 


The equilibrium of the fluid being supposed to be stable, we must have p <p. This being 
the case, it is easy to prove that the two roots of (46) are real and positive. These two roots 
correspond to two systems of waves of the same length, which are propagated with the same 
velocity. 


In the limiting case in which lee c, (46) becomes 


4 


SSC? - (SD, + SD) + DD, =0, 


: D D ; fo eiee 308 : 
the roots of which are = and —, as they evidently ought to be, since in this case the motion of 


S S 

the under fluid will not be affected by that of the upper, and the upper fluid can be in motion 
by itself. 

SD ate SD em (hth) we eg mith) 
55,4 DD," AO mo) 

4 ‘ 

The former of these roots corresponds to the waves propagated at the common surface of the fluids, 
while the latter gives the velocity of propagation belonging to a single fluid having a depth equal 
to the sum of the depths of the two considered. 


When p, = p one root of (46) vanishes, and the other becomes 


When the depth of the upper fluid is considered infinite, we must put = =1 in (46). The 


(p -— p,) D 

pS +pD 
propagated at the upper surface of the upper fluid, and the latter agreeing with Art. 15. 

When the depth of the under fluid is considered infinite, and that of the upper finite, we 

(p - p) D, 
pS, +p,D- 
former root shows that whatever be the depth of the upper fluid, one of the two systems of 
waves will always be propagated with the same velocity as waves of the same length at the sur- 
face of a single fluid of infinite depth. This result is true even when the motion is in three 
dimensions, and the form of the waves changes with the time, the waves being still supposed to 
be such as could be excited in the fluids, supposed to have been previously at rest, by means of 
forces applied at the upper surface. For the most general small motion of the fluids in this case 
may be regarded as the resultant of an infinite number of systems of waves of the kind con- 
sidered in this paper. It is remarkable that when the depth of the upper fluid is very great, the 
root (= 1 is that which corresponds to the waves for which the upper fluid is disturbed, while 
the under is sensibly at rest ; whereas, when the depth of the upper fluid is very small, it is the 
other root which corresponds to those waves which are analogous to the waves which would 
be propagated in the upper fluid if it rested on a rigid plane. 


two roots of the equation so transformed are 1 and , the former corresponding to waves 


must put 4 =1 in (46). The two roots will then become 1 and The value of the 
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When the depth of the upper fluid is very small compared with the length of a wave, one 
of the roots of (46) will be very small; and if we neglect square and products of mh, and ¢, the 
equation becomes 2 pD(- 2(p — p,) mh,D = 0, dienes 


a ope he c= a, BD. toucev sacs enter ee (47). 


These formule will not hold good if mh be very small as well as mh, and comparable with it, 
since in that case all the terms of (46) will be small quantities of the second order, mh, being 
regarded as a small quantity of the first order. In this case, if we neglect small quantities of the 
third order in (46), it becomes 


4pC—4mp(h+h)O+4(p—p,) mhh, =0, 


whence = Ela eh a a/ (hh)? ts “Bean, eee (48). 


Of these values of c*, that in which the radical has the negative sign belongs to that system of 
waves to which the formule (47) apply when A, is very small compared with h. 


If the two fluids are water and mercury, P is equal to about 13.57. If the depth of the 


water be very small compared both with the length of the waves and with the depth of the 
mercury, it appears from (47) that the velocity of propagation will be less than it would have 
been, if the water had rested on a rigid plane, in the ratio of .9624 to 1, or 26 to 27 fe 


G. G. STOKES. 


to 
Z 


Vor. VIII. Parr IV. 


XXXIV. On the Internal Pressure to which Rock Masses may be subjected, and 
its possible Influence in the Production of the Laminated Structure. 
By W. Hopkins, Ese., M.A., F.R.S., &c. 


[Read May 3, 1847.] 


One of the most curious phenomena in the constitution of rock masses, consists in the laminated 
structure which pervades so large a portion of the older sedimentary formations, producing what 
is called their slaty cleavage. In some cases, this lamination is comparatively coarse and ill-defined, 
but in others (as in the roofing slates) it is so fine and regular as to leave no doubt of its being 
the result of some kind of molecular action of the constituent particles on each other, analogous to 
that of crystallization, and not the direct and immediate mechanical effect of external forces 
acting on the mass. But still it would seem very possible, that these external forces may 
maintain the mass in a state of internal constraint which may possibly be a condition favourable 
to the production of the laminated structure, and observations have lately been made which seem 
to afford some confirmation of this notion. Professor Phillips, some years ago, and Mr. Sharpe, 
more recently, have recognized some curious and interesting facts respecting the frequent distortion 
of fossil shells, and other organic remains, from their original well-known forms; and these distortions 
appear to indicate certain relations between the positions of the cleavage planes and the directions 
of the internal pressures which must have produced the distortions in question. These distortions 
of determinate organic forms indicate, in fact, corresponding distortions in those elements of the 
mass in which they are respectively comprized. To explain the nature of the tensions er pressures 
acting on any such element and the distortion produced by them, let us denote by s a small plane 
surface passing through any point P. Generally, there will be an action between the particles 
(M) on one side of this small plane, and M’, those in contact with them on the opposite side. 
If s be sufficiently small, we may represent the whole action of M on M’ by ps, a force having 
a determinate direction, which we may suppose to make an angle 6 with the normal to s. Then will 


pscosd, and pssino, 
be the normal and tangential parts of the whole action of MW on M’, and 
—pscosd, and —pssind, 


will manifestly be the same parts of the reaction of M’ on M. If the normal force be a pressure, 
it will only tend to preserve the contact of the particles immediately on opposite sides of s; but if 
that force be a tension, then will ps cos 6 tend to separate these particles by motions normal to s, 
and in opposite directions. In all cases there will be likewise forces equal to ps sin d, and 
—ps sin 6, tending to separate any one particle immediately on one side of s, from the particle 
originally in contact with it on the other side of s, by communicating to these particles, motions in” 
opposite directions parallel to the plane of s. If this plane assume different positions by moving 
about P as a fixed point, the normal and tangential forces acting on it will have different values, 
assuming maxima or minima values for certain determinate positions of s, and it is on these 
particular positions of s that the distortion of a small portion of the mass about P, and that of any 
organic form contained in it, will depend. Generally, The linear dimensions of the element will be 
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altered by extension or compression, and it will also be twisted, so that if it were originally a 
rectangular parallelopiped it will become an oblique-angled one, and these changes of form will be 
indicated by the corresponding distortions of the organic remains. Now, if the directions of the 
cleavage planes were originally determined by the state of internal tension and pressure of the mass, 
it would seem probable that they would be perpendicular to the directions of greatest, or to those 
of least normal pressure, or that they would coincide with the planes of greatest tangential action. 
These hypotheses must be tested by the evidence derived from the organic forms, as will be 
explained in the sequel, but for that purpose it will be necessary in the first place, to investigate 
the relative positions of the lines and planes just mentioned. This investigation will form the first 
Section of this memoir. 


SECTION. T 


Relative positions of the lines of maximum and minimum tension, and planes of 
maximum tangential force in the interior of a continuous mass. 


1. Taxrne any point P of the mass, let it be made the origin of co-ordinates ayz. Let the 
small plane s be conceived as before to pass through P, and let the forces upon it in the positions 
specified be denoted as follows, all being referred to a unit of surface. 


(1.) When a perpendicular to the plane coincides with the axis of x, let 


B’ parallel to y, 


(2.) When a perpendicular to the plane coincides with the axis of y, let 


The normal force = A; The tangential force = \ 


C” parallel to x, 


The normal force = B; The tangential force = iv 
eeevesecrens Us 


(3.) When a perpendicular to the plane coincides with the axis of x, let 


A” parallel to «, 


The normal force = C; The tangential force = ie y 


Between the six accented quantities there are three essential relations, which are easily found. 
On the three co-ordinate axes at P, construct an indefinitely small parallelopiped whose edges 
are oa, dy, and dx. The six equations of equilibrium of this element will express the conditions 
that the sums of all the resolved parts of the forces parallel to the co-ordinate axes shall respectively 
be equal to zero; and that the moments of the forces with reference to three axes, shall also 
severally be equal to zero. Let us take the three latter conditions, lines through the center of 
gravity of the element and parallel to the co-ordinate axes being taken for the axes of the com- 
ponent couples. ‘The tangential force parallel to the axis of x on the side dw.éz being 4’, 


, 


that on the opposite side will be - (4’ + = éy); and the couple resulting from these forces 


about the axis parallel to x, will be 


oy ae ee ee 
A'§xdz. a ak (4’ + a oy) dadz . > 
or, omitting small terms of the fourth order, 


A’ daw dyds. 
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, 


Similarly, the couple arising from the forces B' and B’ + —— éz about the same axis parallel to z, 


dx 
will be 
— Bsadydz. 


Also the moment of the normal forces A, B, C, with reference to the above-mentioned axes, 
will be zero, always omitting small quantities of the fourth order. Consequently the whole moment 
of the forces on the parallelopiped with reference to the axis parallel to that of z, will be 


(A’ — B’) dadydz; 

which must = zero by the conditions of equilibrium; and therefore 

A’ = B’. 

In exactly the same way we find, by taking the moments with reference to the axes parallel 

respectively to these of y and a, 

AS =, GC 

B’ a (618 
By means of these three relations the six accented quantities are reduced to three independent 
quantities. 


2. Let us now conceive a plane to meet the three co-ordinate planes so as to form with them 
a tetrahedron, whose vertex is at the origin P. Suppose the exterior normals to the three faces 
formed by the co-ordinate planes to point respectively towards the positive directions of « y and 
x; and let a and vy be the angles which the normal to the base of the tretrahedron makes 
with the co-ordinate axes of w y and x. Also let s denote the area of the base, and s’ s” and s”” 
the areas of the sides of the tetrahedron perpendicular respectively to the axes of wv y and z, all 
these quantities being indefinitely small. 

Again, let ps denote the whole resultant force acting on s, and let X » and v be the angles 
which its direction makes with lines parallel to the co-ordinate axes of w y and x, this direction being 
exterior to the tetrahedron. Then, in order that the tetrahedron may be in equilibrium, we must 


have 


no 
So, 


ps.cos’ = As’ + A's" + A 
ps.cosp = Bs’ + B's’ + B's”, 


ps.cosv = Cs’’+ C's’ + C's": 
but 


, ” mr 


s s B 
—= cosa, — = cosp, —= cosy; 
s s 8 a 


making these substitutions, and also putting 


Bae C= 
AY = Cc’ = 7 
A = Rie 


we shall have 
p-.cos\ = Acosa + F'cos3 + E cosy, 


p.cosn= Beos + F cosa + D cosy, joc. cecese se Benoa (())p 
p.cosvy = Ccosy + Ecosa+ Deos 3; 


formule in which the notation agrees with that of M. Cauchy (Ewercises de Mathématique, 
Vol. 11. p. 48). 
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If 8 denote the angle between the direction of p and the normal to s, we shall have pcos é 
for the whole normal force acting on the area s in a direction exterior to the tetrahedron, and 
p sin } the whole tangential force acting on the same area. Our first object will be to determine 
a B and y, or the position of the base (s) of the tetrahedron, so that the normal action upon it, 
p cos 6, shall be a maximum, We shall afterwards have a similar investigation with reference to 
the tangential force p sin 0. 


We have cos 6 = COS cos a + Cos Cos (3 + COS y COs ry; 
whence we immed ately obtain 
p cos 0 = Acos’a + B cos’ B + C cos’ y + 2D cos 8 cosy + 2E cosa cos y + 2F cosa cos (3, ... (1); 
and since COS’ a + COS [3 + COS’ Ty = 1, cocreccrercreccencecerccesrerersrencecrectences (2); 
we have (Z being an arbitrary multiplier), 
(A + L) cos‘ a + (B + L) cos’ B + (C + L) cos*y + 2D cos B cosy + 2E cosa cos y 


+ 2F cosacos 3 = maw. 
Hence, 


§(4 + L) cosa + E cosy + F cos B} sina = 0 
{(B + L) cos B + D cosy + F cos a} sin B = 0 ) -+++-++ (b). 
{(C + L) cosy + D cos B + E cos a} sinvry = 0 


To satisfy these equations together with 
cos’ a + cos’ B + cos’ y = 1, 
we must equate the first brackets to zero. We thus have four equations from which L may be 
eliminated, and a 6 and vy determined. 


If we multiply the first factors on the left-hand sides of equations (b) by cos a, cos B and cos y 
respectively, and add them together, we have by virtue of equations (a), 


L = — Pcos 4, 
and substituting for Z in equations (b), we have 


pcos 6cosa = A cosa + Fcos B + E cosy, 


= pcosdA; 
cos 6 cos a = COs X. 
Similarly, cos 6 cos 3 = cos p, 
cos 6 cos y = cos V3 
whence cos’é = 1, 
d= 0, 


which shews that when the resultant force p is a maximum or minimum, its direction coincides 
with that of the normal to the plane s. Consequently, also, the tangential force psiné then 
becomes = zero. 


This value of 8 gives, L=—p, 
and substituting for Z in equations (b) we have, 
(4 — p) cosa + Fcos 8B + Ecos y = 0 | 
F cosa + (B — p) cos B + Dcosry = 0 (stttttette* (ec). 
E cosa + Dcos B + (C — p) cosy = 0 
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and eliminating cos a, cos 3, and cos ‘y by cross multiplication, we obtain 
(A - p) (B-p)(C-p) - D'(A-p) - EF’ (B-p)- FP’ (C -p) + 2DEF = 0. 

If we take the three values of p deducible from this equation and substitute them successively 
in equations (c), those equations combined with (2) will give three distinct systems of values for 
cosa, cos 3, and cosy, belonging (as is well-known) to three lines perpendicular to each other. 

Hence, it follows, that there is at every point (P) of a continuous solid mass under extension 
or compression, a system of three rectangular axes, such, that if the small plane (s) at P be so 
placed that its normal shall coincide with one of those axes the whole resultant action on s shall be 
normal to it, the tangential action upon it being then equal to zero. These three axes are called 
the ames of principal pressure or tension with reference to the point P. 


3. M. Cauchy, in the Memoir above referred to, converts equation (1) into the equation 
to a surface of the second order, by putting 


peosd=+-, reosa=2a, reosB=y, rcosy =x. 

The inverse of the square of any radius vector will manifestly be a measure of the normal 
action on a small plane through P perpendicular to the radius vector, the axes of principal pressure 
or tension coinciding with the axes of this surface of the second order. We may remark, that of 
the three principal pressures or tensions above determined, one will be a maximum and another a 
minimum, while that of an intermediate value will be neither, though it satisfies the conditions 
d.pcosd d.pcos6 rae ee 
— = 0, and ane =0. It is, in fact, that value of p cos 6 which is represented by the 

a a 


inverse of the square of the mean axis of the surface, and that mean axis, considered as a parti- 
cular radius vector, is a maximum with reference to one principal section, and a minimum with 


oe: d fl d /1 
reference to the other to which it belongs, so that though — (=) =0, and — =) = 0 when 
da \r dB a 
y = mean axis, all the conditions of a maximum or minimum are not satisfied. 
I make these remarks here because a similar mode of geometrical representation may be found 


useful in explaining the results obtained in the succeeding part of the investigation. 

4. I shall now proceed to investigate the positions of the plane s passing through P, when the 
tangential action upon it is greatest, 7. e. when p sin 6 = max. 

To simplify our formule, we may here take the axes of principal pressure or tension as the 


co-ordinate axes. In this case there will be no tangential force on the plane s when it is perpendi- 
cular to any of these axes, and consequently, we must have 


D105 wi —10, ere = 0; 
and, therefore, equations (a) give 
p’ = A’ cos’ a + B’ cos’ B + C’ cos’ y, 
and equation (1) gives, 
pcosd = Acos a+ Bcos’ 8 + C cos’. 
Hence we have 
p’ sin? = A? cos’ a + B® cos’ B + C’ cos’ y — (A cos* a + B cos” B + C cos’ y)’, 
the quantity which is to be made a maximum subject to the condition 
cos’ a + cos’ 3 + cosy =1. 
By virtue of the last equation, we have 


p® sin’ 6 = (cos* a+cos? 3 + cos® y) (4? cos? a + B? cos* B+C? cos’ y) — (A cos’ a + B cos’ 3 + C cos’ y)’, 
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which by reduction gives 
p’ sin’ 0 = (A — B)’ cos’ a cos® B + (A — C)* cos’ a cos*-y + (B - C)? cos 8 cos’ y = maz...(3). 
Hence, if Z be an arbitrary multiplier, we obtain 
{(4 - BY’ cos’ B + (A — C)cos*y + L} cosasina =0 
(A — BY cosa + (B- C)Peos'y +L} cosBsinB=0\ ay, 
{(A - ©)’ cos’ a + (B- C)’ cos? B + L} cosy sin y =0 


Let’ us first suppose these equations satisfied by equating, in each case, their first factors to 


zero; and for brevity put 
P=A-—B, Q=A-C, R=B-C; 


vo ok —@)— ie 
Now, substituting 1 = cos a — cos’ 3 for cos’ ry, and eliminating Z between the first and third, 
and the second and third equations, we obtain 
(P? — Q? — R?) cos? B — 2 Q? cos? a + Q? = 0, 
(P? - Q — R?) cos? a — 2 R* cos? B + R? = 0; 
or since P* = (Q - R)’, 
P?-Q@— R= -2QR; 
. 2R cos’ B + 2Qcos*a — Q = 0, 
2Qcos*a +2Rcos* 3B -R = 0, 
which cannot hold simultaneously unless Q= R, and .. P=0; or d= 8B. This mode, therefore. 
of satisfying equations (d) is not admissible. 
Again, we may satisfy those equations by 
sina =0, cosB=0, cosy =0, 
a system of equations which also satisfy (2). In this case the normal to the small plane s will 
coincide with the axis of vw, i.e. with an axis of principal pressure, and therefore, these values 


ought to give the tangential force = zero, as they do. Zero is in fact a minimum value of that force. 
Similar conclusions hold with reference to the axes of y and x for the following systems of values. 


cosa=0, sinB=0, cosy =0; 
cosa=0, cosB=0, siny =0. 
Finally, we may satisfy equations (d) by 
cosa = 0, 
P* cos? a + R® cos* y + L = 0, 
Q’ cos? a + R® cos? B+ L = 0. 
Eliminating Z, we have 
cos* 3 = cos* y; 
y EOE / eS 26 
=. B= y= = 45°. 
Two other systems of values may evidently be obtained in a similar manner, and thus equations 
(d) and (2) are satisfied by the three following systems of values : 
a = 90°, B=a_y= +45, ] 
B= 90°, y=a ) 
y = 90°, i as ace 


ll 
Ir 
a 
o 
(4 


setife). 
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5. If 7, T., and 7’, be the corresponding values of the tangential force, we have 


T= (B= 0}, Te S40), “TAs ha= By, 


3 
If A, B, C be taken as they always may be, so that A shall be the greatest and C the least, 
T. will be the greatest of these values, and I shall shew that it in fact is the only one which 
satisfies the conditions of being a maximum. To do this, and to explain the relations of these 
particular values of the tangential force to its general values, it will be convenient to have recourse 
to a geometrical representation, analogous to that before spoken of with reference to the normal 
forces. For this purpose assume 


Ce 
psind = Do 


@&=rcosa, y=rcosB, z#x=rcosy; 
where 7’, denotes a constant force, and c¢ a constant line. Then equation (3) becomes 
Tod = Paty? + Gate Reyes? oii c.svsaces ose (4)5 


the equation to a surface such that the inverse of the square of the radius vector from the point P, 
will be proportional to the tangential force on the plane s when perpendicular to that radius vector. 

To find the intersections of the surface and the co-ordinate planes, put « = 0, y = 0, and x = 0, 
consecutively ; we thus have 


Ty 
yz = + — 


R >] 
i= Po. 

Q 

Te 
vy=+ Fee 


as the equations to the intersections, each of which consists of two equal hyperbolas referred to the 
asymptotes as axes of co-ordinates, as repre- (Fig. 1.) 

sented in the annexed diagram. PA, making 
equal angles with the two co-ordinate axes in 
the plane of the paper, is the semi-axis major, 
and minimum radius vector in the hyperbola 
whose vertex is A, Its position and that of 
PA’ correspond to the first, second, or third of 
the systems of values (e) of a 3 and y, ac- 
cording as the plane in which the hyperbolas A A 
lie is that of yx, wz, or vy. Also the values a 


1 
of —— in these cases respectively are 
AP* eae 


YY 


1 1 
22 OTE are A 
which are proportional to 
RK, Q, P; : 
or to B-C, A-C, A-B, 


or to the three tangential forces previously 
designated by 


° 


T; ? T. ¢) T:. 
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In each case PA is a minimum value of the radius vector with reference to the hyperbola 
of which it is the semi-axis major, and consequently PA is the position of the normal to the plane s, 
when the tangential force upon it is, in the same relative sense, a maximum. It still remains 
to be determined whether PA is also a minimum value of the radius vector in a section of the 
surface made by a plane through PA and the co-ordinate axis perpendicular to the plane of 
the paper. For this purpose, let this last-mentioned axis be first taken as that of x, and let 


xv =rcosé, y =r sin @ sin p:; z= rsin @.cos d, 
r @ and @ being the ordinary polar co-ordinates. Substituting these values in the equation (4) 
to the surface, and putting @ = 45°, we obtain 
Cay Qe 8 PIPIQR eREN 5 
Its == oes sin? 6 — (= — a hile 7 Bameeceasesaren () 
r 2 4 


ag 
the polar equation to the section through the axis of w and the axis of either hyperbola in the 
plane of yz. 


Similarly, putting 


y =7rcos0, z=rsinO@sing,- w=rsin@.cos¢, 
we obtain 
PR TE P+ Rk 2 
TP) = —"— sin? 6 - = - =) SIDS Occ tose cneesess (6), 
Ur ~ 


the polar equation to the section of the surface by a plane through the axis of y and the axis of 
either hyperbola in the plane of wx. 
Again, putting 
z=rcos@, y=rsin@sin ps w=r sin @cos d, 
we have 


Tee Q + R (By 
4 


= === sinto - (= 


Py 2 2 


the equation to the section through the axis of x, and the axis of either hyperbola in the plane of vy. 
: a <5. 4er sees 
Differentiating (5), (6), and (7), and putting Te 0, we obtain in the several cases, 


{(P? + Q) — {2(P’ + Q) — R% sin’ 6} sin O cos 6 = 0, 
{(P? + R’) — {2(P? + R’) — Q*} sin? Ot sin @cos O = 0, peeeseeeeeee (PD. 
{(Q° + R*) — §2(Q + R’) — P’} sin’ @? sin @ cos 6 = 0, 
Each of these equations may be satisfied by 
sin@=0, cos@=0. 


The first corresponds to r= ©, the axis from which @ is measured being an asymptote to the 
curve. The second gives @ = 90°, and therefore r = AP, which is consequently either a maximum 
or a minimum value of r with respect to the curve in which r and @ are the variable co- 
ordinates. Now since 7 = © when @=0, or 180°, and r = AP when @ = 90°, it is manifest that 


; dr , 
AP must be a minimum value of r, provided 7 is not rendered zero by any value of @ 


: r 
between 0 and 90°; but if, on the contrary, de become zero for some value of @ between those 


limits, the corresponding value of r must be a minimum, in which case PA will be a maximum 
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value, since maxima and minima occur alternately. To ascertain whether any value of @ between 
dr : : 
0 and 90° does render 7} = 0, we must see whether such value can be derived in any of the 


three cases above, by equating to zero the expressions within the brackets in equations (f). 
Taking the first of those equations, we have 


PPE 
which will give a value of @ between 0 and 90°, provided the fraction be positive and less than 
unity. Now the difference between the numerator and denominator 

= P?+ Q — R’, 
and A, B, and C being taken in order of magnitude, and A the greatest, Q (= 4—C) is greater than 
R(=B-C). Consequently P* + Q’ — R’ is positive, and the denominator of the above fraction 
is positive and greater than the numerator, and sin @ is possible. The value of r corresponding to 
the value of @ thus obtained, will be a minimum, and therefore PA will in this case be a maximum. 
Hence it appears that PA is a maximum value of the radius vector with reference to the section of 
the surface by a plane through the axis of w, while it is a minimum with reference to the section, 
perpendicular to the former, made by the plane of yz. In this case then PA is neither a maximum 
nor minimum value of the radius vector of the surface. 

Exactly the same conclusion may be drawn from the third of equations (f), in which case the 
two sections to which PA is common, and one through the axis of z, and that made by the 
plane of vy. 

The annexed figure (2) represents the curve in each of the above cases referred to r and @, 
CPC’ being in the first case the axis of 2, and in the 
second the axis of x. PB and PB’ represent the two 
minima radii vectores in these sections. 

It remains to consider the second of equations (f/f), 
which gives 


sin’ @ = 


(Fig. 2.) 


er P+ R 
sin’@ = ay 5D MTS 2 NEE AST 
2(P + R)- @ 
Here, the denominator — the numerator = P? + R?— Q’. 


Now P=Q-R, (Art. 4); 
Sipe bet PE OO HA) 
= -2R(Q-R), 
which, since Q is greater than R, shews that the deno- 


minator is less than the numerator. Consequently there 
is no value of § between 0 and 90°, in this case, which 


a, 


dr 
renders — = 0, and PA is here a minimum value of 


dé 
the radius vector, i.e. in the section made by a plane through the axis of y. PA is also a minimum 
for the section made by the plane of az. Consequently if figure (1) represent the plane of wz, each 
of the four equal lines PA is an absolute minimum value of the radius vector of the surface, 


1 A ae 
and Pz represents the absolute maximum value of the tangential force. The positions of these 


lines correspond to the following system of values of a 3 and vy, 
B = 90°, YY = @ = AS, 
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the second of the systems (), (Art. 4), and the corresponding value of the tangential force is 
T,=4 (4-0), 

the absolute maximum value of the tangential force acting on a plane of indefinitely small and 
constant area (s), passing through any assigned point P of the solid body, and capable of assuming 
any angular position about that point. For this maximum value, the normal to the small plane, 
maylie in two positions, both in the plane of wz, and bisecting the angle between the axes of 
w and x, the one above and the other below the axis of w, those axes being so taken as to coincide, 
the former with the direction of the greatest principal tension at P, and the latter with that of the 
least. If one of the principal tensions be changed into a presswre, it must be regarded as a 
negative tension, and therefore as the /east principal tension, and its direction taken as the 
axis of zg. In this case we shall have 7’, = 4(A +C). If there be two pressures, the greatest 
will =—C. If all the principal forces be pressures, the least pressure will be — A, and the 
greatest pressure — C, and therefore T,=4}(C- A). Thus 7, will in all cases be the algebraical 
difference of the greatest and least principal tensions, considering pressures as negative tensions. * 


6. As an elucidation of the subject, I shall consider a few particular cases. 


(1) Suppose B= C; the normal tensions will be the same for all positions of the plane s, in 
which its normal lies in the plane yz, and there will be an infinite number of positions of the 
plane s corresponding to the maximum tangential action, such that the locus to the normals of s 
will be a conical surface whose axis is that of x, the semi-vertical angle of the cone being 45°. 


(2) If the mass at any proposed point (P) be acted upon only by two tensions acting as principal 
tensions, these must be considered as the axes of # and y, the axis of x, that of least principal 
tension (supposed here = zero) being perpendicular to the plane of the two tensions. 


(3) If there be only two principal tensions, as in the last case, but one of them become a 
pressure, the direction of this latter must be taken as the axis of x, that of least tension. 


(4) If both these principal tensions become pressures, the line perpendicular to the plane in 
which they act, must be taken for the axis of x, (the axis of greatest principal tension), and the 
direction of the greatest pressure for the axis of ». 

The axes of a and x, those of greatest and least principal tensions being known, the two positions 
of the plane of maximum tangential action are immediately known. 


(5) Let PQRS represent a plane section of an elementary parallelopiped of the body parallel 
to two opposite sides, and suppose PQRS a square. Let the forces on the 
element be entirely tangential and parallel to the plane of the paper, there 
being no force perpendicular to that plane. Then (Art. 1) the tangential 
force on each side of the element will be the same; let it =f and act on each 
side in the directions indicated by the arrows. Also let PqrS be the section 
of the same element, supposing the forces f not to act; then it is manifest that 
these forces produce an extension = SQ — Sq in the direction SQ, and a com- 
pression = Pr — PR in the direction RP perpendicular to SQ. In fact the 
forces f may be resolved into f'.cos 45° parallel to SQ, extending each particle in that direction, 
and an equal force compressing the particles perpendicular to SQ. The former will act as a 
principal tension, the latter as a principal pressure. If 4 and —C be their values referred to a 
unit of surface, we must have 


(Fig. 3.) 


A. QR sin 45° =f. QR cos 45°, 
and C. QR cos 45° =f . QR sin 45°; 
eA =). and Grafs 


* Since 7,2 =(4 —C)?, T,=+(4—C). All notice of the negative sign is omitted in the text, as altogether unessential. 
? 2 5S > o 
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and therefore the greatest tangential force 
= 3 (CA AIC) =a; 


and it acts in the planes PQ and PS’; i. e. it is the impressed tangential force, as it is sufficiently 
manifest it ought to be. 


(6) It is of some importance with reference to the particular application of these investigations 
which is here contemplated, to remark that when the general mass is so acted on by external forces 
that its different elementary portions are subjected in very different degrees to the kind of distortion 
represented in fig. 3., there may be a great extension or compression at particular points without 
a correspondent increase or decrease on the same scale in the general dimensions of the mass. 
Indications of such local extension and compression seem to be frequently indicated by the distortion 
of organic remains. 


SECTION II. 


7. Onreantc remains, more especially shells, are usually found in greatest abundance along 
those surfaces within a fossiliferous mass, which we recognize as planes or surfaces of separation 
between contiguous beds. These shells, especially the flatter ones, will generally be found with 
their flatter surfaces parallel to the surface of the bed on which they lie, and such may .also be 
expected to be the case as a general rule, with respect to shells contained within a bed instead of 
being between two contiguous beds. The first pressure to which these shells was subjected must 
have been that due to the weight of the superincumbent beds deposited upon them, while the whole 
remained undisturbed. If the shell yielded to this pressure it would become flattened, and fre- 
quently also extended in length or breadth, or in all directions according to the nature of the shell. 
It would seem probable that the proportions of the linear horizontal dimensions would not be 
much altered by this vertical compression, but the possibility of its being otherwise should not be 
forgotten by the observer. It may also be remarked, that should any horizontal elongation take 
place from this cause in one direction more than another, that direction can only have reference to 
the shell itself, and not to any fixed lines in space, unless it can be shown that the position in which 
the shell was origina!ly imbedded bore some relation to such lines, as for instance, that the median 
lines from the beak to the margin in different shells should have been parallel to some common direction. 
Any such law, however, would seem to carry with it the highest degree of a pr tori improbability. 

When the mass became elevated and dislocated, especially i in ‘ie degree in which such has been 
the case in most of the ancient fossiliferous rocks, it would peueralls be subjected to great 
pressures and tensions; but it is of the first importance to remark, that none but comparatively 
small pressures or tensions could be called into action in the direction of the strike of the beds, 
by their elevation into straight, or approximately straight anticlinal ridges; and that, consequently, 
two of the directions of principal tension or pressure must lie in a vertical plane perpendicular to 
the direction of the anticlinal line and strike of the beds, with which the third axis of principal 
tension must coincide. Now in this elevation, it is highly probable that the mass will generally 
be eatended in some directions, and I consider it almost certain that it must, in most cases, be 
compressed in other directions, these compressions and extensions taking place in the above 
mentioned vertical plane perpendicular to the strike of the beds. Hence, we may conclude that 
generally the minimum tension will be a pressure, as in (3) of last Article. The axes of greatest’ 
and least tension through any point will lie in a vertical plane perpendicular to the strike of the 
beds, and consequently the intersections of the planes of greatest tangential action with the planes 
of the beds will be horizontal lines. Through every point there =vill be two planes of maximum 
tangential action perpendicular to each other, and therefore, dipping one of them in the same 
direction as the beds, and the other in exactly the opposite direction, the strike of all these planes 
being the same. 
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8. Let us now consider how the distorted forms of organic remains may indicate the 
directions which must have been 
those of maximum and minimum (Fig. 4.) 
tension or pressure, and the po- 
sition of the planes of maximum 
tangential action at some former 
epoch, posterior to the elevation 
which raised the general mass 
into anticlinal ridges. In, the 
first place, suppose the planes of 
maximum tangential action to 
coincide, at least approximately, 
with those of stratification. Let 
MN represent one of these planes 
on which, between two beds, the 
fossil shell AB is found, the un- 
distorted form of the shell being 
known. ZN is supposed to co- 
incide with the dip of the beds, 
and the median line of the shell to lie in the direction of their strike, the plane of the paper 
being vertical. Also, let C7’ and CP be the directions of maximum and mimimum tension 
respectively, each inclined at an angle of 45° to MN. 
Then the continuous line will represent the distorted N 
form of the shell, of which the original form is indicated 
by the dotted line. Fig. 5, in which the plane of the 
paper represents the plane of a bed, will represent the 
distorted form of the upper valve of the same shell. It 
is important to remark, that this angular distortion will 
take place in the direction of the dip (MN) of the beds, 
and perpendicular to their strike (SCS). 


(Fig. 5.) 


Again, let the planes of stratification be perpendicular 
to one of the directions of principal tension, then will 
MN the direction of the dip, be a direction of maximum 
tension or of maximum pressure In the former case an 
imbedded fossil will be elongated, and in the latter case 
compressed, in the direction MN, but without any of 
that angular distortion represented in the previous case 
(Fig. 4), unless it should be accidentally produced by 
direct compression, in which case, however, it will have 
no such necessary reference to the directions of dip and 
strike as above mentioned. 


Conversely, if it be observed that the organic forms 
lying between two contiguous beds, have undergone 
great angular distortion, we may conclude that the 
planes of stratification must have coincided more or less, 
approximately, with those of maximum tangential action at the time when the distortions were 
produced; but if the observed distortions indicate only direct compression or extension, unac- 
companied by angular distortion, we may conclude, that the planes of stratification, at the time 
just mentioned, must have coincided at least approximately, with the directions of maximum or 
of minimum pressure. 
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9. The application of these conclusions to the leading object of this communication, the possible 
influence of internal pressure in producing cleavage structure, may be made very briefly.. If we 
recognize the probability of this influence, if not as a primary cause, yet as effective in determining 
the positions of the planes of cleavage, we must, I think, almost necessarily suppose, as I have 
before remarked, that those planes must coincide more or less accurately either with planes 
perpendicular to the directions of maximum pressure, or with those perpendicular to the direc- 
tions of minimum pressure, or with the planes of greatest tangential action. Now, let us sup- 
pose the organic forms lying on the surface of a bed to have suffered great angular distortion, 
and therefore the planes of stratification and of greatest tangential action to have been at least 
approximately coincident ; then, if the planes of cleavage nearly coincide with those of stratification, 
we may conclude that the tangential action and not the direct pressure or tension has been the effective 
agency in determining the position of the cleavage planes; and the conclusion will be strengthened 
if we find that, as a general rule, the angular distortion is greater the more nearly the planes of 
stratification and of cleavage are coincident. Again, suppose the observed distortions to consist in 
direct compression or extension, without considerable angular distortion, and therefore the planes of 
stratification to have been perpendicular either to the directions of greatest pressure or to those of 
greatest tension, and consequently inclined at an angle of 45° to the planes of greatest tangential 
action; then, if the cleavage planes be also inclined at an angle of nearly 45° to the planes of stratifi- 
cation, we shall be again led to the same conclusion as above. _ If, on the contrary, it should be found 
that when the cleavage planes and the planes of stratification are nearly coincident, the distortion con- 
sists only in direct compression; or if, with great angular distortion, the cleavage planes should be 
inclined at about 45° to those of stratification (cases exactly opposite to those previously supposed,) 
we must conclude that direct pressure has been the influential cause in determining the position of 
the planes of cleavage. 


In the memoir already referred to, Mr. Sharpe has collected, I believe, nearly all the evidence 
which has hitherto been obtained on this subject, consisting principally of observations made by 
himself and Professor Phillips, and has given drawings of several characteristic distortions, principally 
of spirifer disjunctus, a frequent and well-known shell in some of the older formations in which the 
cleavage structure is very distinctly developed. In the most remarkable specimens of Mr. 
Sharpe’s collection (for the inspection of which I am indebted to him) the distortions are very striking, 
and, for the most part, of that kind which I have termed angular distortion. Now all the most 
remarkable instances of this kind, as Mr. Sharpe has stated in his memoir, are those in which the 
planes of stratification and those of cleavage are approximately coincident, the angles between 
them varying from one or two to ten or fifteen degrees; whence I should conclude that the 
cleavage planes must have approximately coincided with the planes of greatest tangential action, 
and consequently that it is to this kind of mechanical action, and not to direct pressure, that 
the influence in the production of the cleavage structure must be attributed. Mr, Sharpe has 
also described and figured other specimens taken from beds in which the planes of stratification 
are inclined to those of cleavage at angles varying from forty to sixty degrees, and in these cases 
the distortions (as described in his memoir) consist in a shortening of the axes of the shells in 
directions perpendicular to the intersections of the planes of stratification with those of cleavage, 
such as would result from direct presswre in that direction. So far this evidence is perfectly in 
accordance with that previously cited, for it indicates that the direction of maximum pressure must 
have approximately coincided with the planes of stratification, and therefore that these planes must 
have been inclined approximately at an angle of forty-five degrees to those of maximum tangential 
action. Consequently these latter planes must have approximately coincided with the cleavage 
planes in this case as well as in the former one. This latter evidence, however, furnished by Mr. 
Sharpe’s specimens is not, probably, nearly so complete with respect either to the number of dis- 
torted shells or the distinctness of their distortions, as that furnished by the shells first men- 
tioned as so curiously and distinctly characterized by great angular distortion. Still, the 
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evidence hitherto adduced appears to be, on the whole, consistent with itself and strongly in favour 
of the conclusion that whatever may have been the influence of pressure in producing a laminated 
structure, that influence must have been due to the tangential action parallel to those planes, and 
not to direct pressure perpendicular to them. In fact, I regard the specimens above mentioned, 
in which there is great angular distortion combined with an approximate coincidence of the planes 
of cleavage and of stratification, as almost decisive against the latter conclusion. 

In the search of further evidence, the observer should direct his attention especially to those cases 
in which the inclination of the cleavage planes to the bedding is either small or nearly 45°. In 
the former case, according to the above inferences, he may expect to find great angular distortion 
of the fossils lying (as they will very generally be found to lie,) with the plane of separation 
of the two valves parallel to the surfaces of the beds; and in the latter case he may expect to 
find the shells characterized more especially by direct compression or extension (more probably the 
former,) in the plane of the bed, and in directions perpendicular to the intersections of that plane 
with the planes of cleavage. At the same time it should be remarked that the angular distortion 
may be accompanied by a lengthening or shortening of the shell, (more probably the former.) in the 
direction of the dip, and also that a considerable direct compression is not likely to be produced 
without some degree of angular distortion; but still, if the above conclusions be true, angular dis- 
tortion in the one case, and direct compression or extension in the other, ought especially to 
characterize the actual forms of the organic remains. 

It might be objected against the theory to which the preceding conclusions tend to lead us, that 
if tangential action has been an effective cause in the production of the laminated structure, there 
ought to be two systems of cleavage planes at right angles to each other, since there are two such 
systems of parallel planes in which the tangential action is a maximum; and this might, I think, be 
regarded as a valid objection to a theory which should assign the mechanical action here considered 
as the primary cause of the laminated structure; but the objection may probably be obviated in a 
great degree, if we regard this kind of mechanical action only as a secondary cause, for it is very 
conceivable that it might have greater effect in aiding the development of the structure in question 
along one of the systems of planes of greatest tangential action than along the other. Whatever 
may be the apparent force of this objection, however, the discussion of it may be regarded, perhaps, 
somewhat premature till further observation shall have ascertained more distinctly what indications 
may be found of the existence of a second set of cleavage planes less developed than those which 
more immediately attract our notice. The point is deserving of the attention of the geologist. 

The adoption of the opinion, that the mechanical agency above described has been one efficient 
cause of the laminated structure, necessarily involves the conclusion of that structure having origi- 
nated at some epoch posterior to the great movements which have determined the general configura- 
tion of the external surface, and the geological structure of large portions of the earth’s crust, which 
are observed to possess this laminated character. It is also a necessary inference that the line 
of strike of the planes of lamination must coincide with that of the planes of stratification (Art. 7). 
The results of observation undoubtedly corroborate this latter inference, for it would appear that 
we may state as a general fact, that the strike of the planes of cleavage is parallel to the directions 
of the anticlinal lines of the district. The amount and character of the local deviations from this 
law are not yet in any case, I believe, accurately determined. Observed facts appear, also, to 
corroborate the above conclusion respecting the epoch at which the laminated structure was super- 
induced ; for the persistency with which the strike and dip of the cleavage planes are frequently 
maintained through disrupted and contorted strata, distinctly implies that the lamination must have 
been produced after the elevation and disruption of the general mass. These general facts are in 
harmony with the theoretical view of the subject which has been here presented ; how far the more 
detailed results of observation will be found so remains to be determined. 

Geologists are well aware that currents of electricity have been assigned as a probable cause of 
the laminated structure, and that this hypothesis has received great support from the results of 
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experiments made in the first instance by Mr. Fox, and afterwards repeated by Mr. Hunt, as 
described by the latter gentleman in an interesting memoir, contained in the Memoirs of the Geo- 
logical Survey of Great Britain, Vol. 1., on the influence of magnetism on crystallization. It 
would be foreign to my object to enter into any discussion of a theory founded on these experi- 
mental results ; and indeed detailed discussion of any theory on the subject would be, I conceive, 
at present entirely premature; but I would remark that views of the subject founded on these 
results, and those founded on the observed facts respecting the distortion of organic forms, are 
by no means to be considered as opposed to each other. On the contrary, it is very possible . 
tion we may hereafter be better able to account for the phenomena of lamination by the joint opera- 
that of the causes to which they would be referred respectively according to these two views of 
the subject, than by the independent operation of one of those causes only. 

In concluding this communication, I would especially remark that the advocacy of any parti- 
cular theory on the subject of cleavage structure has formed no part of my object. Our ignorance 
of the physical causes of crystallization, or the manner in which such supposed causes may ope- 
rate, is too great to admit of our forming at present any theory on the subject which might not be 
deemed altogether premature. All I would here insist upon is this—that the facts observed by 
Professor Phillips and Mr, Sharpe indicate certain determinate relations between the distortions of 
organic forms and the positions of the planes of lamination of the beds in which those forms are 
discovered, relations which seem to imply that the forces which produced the distortion had also 
their influence in determining the planes of lamination. My object has been to point out the 
accurate. mechanical conditions of the problem, and thus to indicate the points to which the 
attention of future observers should be especially directed in order that their observations may 
afford conclusive tests of the truth of any theory which may hereafter recognize the efficiency of 
the mechanical agency explained in this paper, as one of the causes of the laminated structure. 


W. HOPKINS. 
Campriper, May 3, 1847. 


XXXV. On the Partition of Numbers, and on Combinations and Permutations. 
By Henry Warpsurton, M.A. M.P., F.R.S., F.G. S., formerly of 
Trinity College. 


[Read March 1, 1847.] 


Introduction. 


Tue researches of which an account is here presented, had their origin in the following 
manner. In the Autumn of 1846, having communicated a Theorem (which will be found in the 
sequel) on the Partition of Numbers to Professor A. De Morgan, I received from him an obliging 
reply, wherein he intimated a wish that I would turn my attention to Combinations, as a depart- 
ment in Mathematics, which, he thought, much needed cultivation. I acted upon this suggestion, 
and shortly afterwards sent to Mr. De M. results, and subsequently from time to time further 
results, which he wished me to render public. These I placed at his disposal; and, with my 
concurrence, he drew up an account of my Researches, in a Paper which was read before the 
Society on the 1st of March, 1847. 

After the reading of this Paper, further suggestions presented themselves to me, of which I 
drew up an account, and this was laid before the Society by way of Supplement to the former Paper 
of Professor De Morgan. Still further improvements again occurred to me; and it then seemed to 
me desirable that both Papers should be withdrawn, to give me an opportunity of revising my own 
researches, and of incorporating the revision in one Paper to be communicated to the Society. 

Many important original observations on the same heads of inquiry, proceeding from Professor 
De Morgan himself, were contained in the Paper which he drew up; and I should much regret 
if, in consequence of the course which I have suggested of withdrawing that communication, those 
observations were to be lost to the Society and the public. 

It was as impossible for me, as for any other person, to hold communication with that gentle- 
map on Mathematical questions, and avoid deriving great advantage from his sagacity and erudition 
in Mathematics. I have not, I trust, abused those advantages by appropriating to myself anything 
which belongs to him; but I have endeavoured, while possessing those advantages, to carry on my 
researches with originality and independence. 


SECTION: I. 
On the Partitions of Numbers. 


1. From a recollection of the important application made by Waring of the Partitions of 
Numbers to the developement of the power of a Polynome, I was led to investigate their properties, 
in the hope of discovering some ready method of determining in how many different ways a given 
Number can be resolved into a given number of parts. 

Assuming the Unit to be the lower limit of the magnitude of the parts, I found that if the 
Number to be partitioned, N, were expressed in terms of a certain Modulus, m, so that N was 
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= mt +7, the number of the ways of resolving N into p parts could be expressed in the form of a 
rational and integral function of the factor, ¢. Thus, in the case of Bi-partition, 2 being the 
Modulus, and the Number being 2/, or 2¢+1, ¢ is the number of the partitions. In the case of 
Tri-partition, 6 being the Modulus, 

For N = 6¢, the number of the partitions is 3f’, 
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and in the case of Quadri-partition, when the Modulus is 12, and ¢ becomes of 3 dimensions, I also 
ascertained the formule. But perceiving that, since the modulus and the dimensions would increase 
with the number of the parts, the functions obtained would be so many, and of such complexity as 
to be of little or no practical utility, I abandoned that method, and sought for some other. Having 
at last discovered the method here proposed, (Arts. 7 and 8, Sect. 1,) I communicated the same to 
Professor A. De Morgan, trusting to his known Mathematical erudition for obtaining the information 
I required—whether the method was novel. By his reply, I was made aware that the Partitions 
of Numbers had received a share of his attention, and that he had written a paper on the subject, 
which was published anonymously in the 4th Volume of the Cambridge Mathematical Journal. He 
further stated that, after the date of that publication, he had also discovered the Theorem which I 
communicated to him; though he had not announced it; and since I have no doubt of the entire 
accuracy of that statement, he must participate fully in any credit that may attach to the discovery 
of the formula in question. 

In this Section of my present Paper, I have limited myself, as regards these partitions, to 
what I considered necessary for the proof and illustration of the Theorem in question. Other 
matters bearing on the question of Partitions occur in the Section on Combinations. 


2. The number of the different ways in which a Number, N, can be resolved into p parts, 
when no number is admitted as a part, but such as is either equal to, or greater than, the arbitrary 
number, », may be denoted by [N, Pp, |. We may term » the lower limit of the parts, or parti- 
tion, or, for brevity, the lower limit. By a p — partition of N, I mean any set of p numbers, 
having MW for their sum. 

A partition included among those, the number of which is denoted by [ N, P, |> may consist of 
parts exclusively equal to, or exclusively greater than 7; or it may contain some parts equal to, 
and some parts greater than ». 


[N, p, | includes the whole of [N, p,.1] 5 
[N, p,+:] includes the whole of [N, p,+2] 5 


and, generally, the partitions which have » for their lower limit, include all those partitions in 
which the lower limit is greater than ». 


3. If to or from each part in every partition of N whose lower limit is y, a given number @ 
be added or subtracted, N will be increased or diminished by the amount pO; but the number of 
the partitions, and the number of the parts in every partition, will remain unchanged: i.e. 


[AN a= BNE pOs, peel <cccasieiasaes-senmeve ei): 


This involves the conclusion, that we recognize 0, and negative numbers also, among the 
admissible parts; unless we expressly assume that they are to be excluded. It also involves the 
recognition of negative numbers, as the subjects of partition, unless their exclusion be expressly 
stipulated. 
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4. Since N=7y+(N-—~y), therefore take all such (p — 1) — partitions of N — y, as have » 
for their lower limit; and with every such set of parts let 4 be conjoined as an additional, or p™ 
part. We shall thus obtain all such p — partitions of N, as, besides having y for their lower limit, 
agree also in containing at least one part equal to 7. From these partitions, therefore, are excluded 
all those p — partitions of N which have for their lower limit 7 +1. Hence, 

aye ele ONG een (IV — 2, — 1) ones ceemne cc oss none soak EN 
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5. In [N, p,], let N<py. If negatives be admitted, then let N be the greater negative ; 
and by the addition to y of a positive quantity greater than 4, and to N of a positive quantity 
greater than py, let the lower limit and the number to be partitioned be rendered positive. Since 
no positive integer less than py can be resolved into p parts having a positive integer, y, for their 
lower limit, no partition of the kind indicated by the notation can be effected. Therefore, 


Wien SIV <i yes 2) OR. 2.2 to~ see adsage~aibnudncs seine (IIT): 
Then if » be positive, and p is also a positive integer, [0, p,] = 0. 
The two following extreme cases, [N, 0,], and [0, 0, ] require explanation. 
By (1.) [N+ 1,] -[N +m 1,4] =[N, 9,]- 
But, when N and » are positive integers, [N +, 1,] =1, 
and [N+ 1,41] =13 
Bo | Lis Ml ad po a Rae Opole 2 ene ne a ery pes 6) 
Also, by (11.) [N, 1y] — LN; 1ns1] = [0, Oy]. 
But [N, 1y]=1; and, by (ur) [N, 1y,,] =0; 


Hence also, if N=py, [N, p,]=[pn, p,] =[0, p] =[p, pi] =1. 
6. Professor De Morgan (as he informs me) has, in the Cambridge Mathematical Journal, 


traced Equation (11.) to its consequences, in the case where the number of parts is preserved 
constant, and the variation is thrown on the number to be partitioned. 
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LN, Pyro] — LNs Py+0nn) = [N- 1-98, p-1,.6] =[N- 1 — pO, p -1,]; 
ie LN, P, | - LN, pecs | = St [NV ak, pes oF 


Here » is the lower limit of the parts admitted, and 7 +6 +1 is the lower limit of the parts 
excluded ; that is to say, all those partitions are excluded which have every part greater than » +0. 
Write Y’ for » +0. Then let N=pY¥ +r, r being a remainder less than p, and Y the integer 


N 
nearest to, but not exceeding a When Y’ becomes Y, [Ny pyi:] = 0; 


LN, p,] = LNs pra] + So PN a pe p— 1 
= Si (N —— pz, p—1,] 
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SP 2 


474 Mr. WARBURTON, ON THE PARTITION OF NUMBERS, 


Thus, [31, 5,] = So [20- 5%, 4], 


[20, 4] + [15, 4] + [10, 4] + [5, 4]; 
ilp 


1. é. 101 = 64 + 27 + 0) + 


7. By a different transformation of the equation of differences, (11), we arrive at a different 
summation ; in which the number remains constant, while the parts vary. In that equation, if we 


write g for p, we have, 
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Now [N, q, | vanishes, either when NV < qy, or when g = 0; the exception to the latter case 
being when N=qy. If N <qyn; then, since 
[V+pm +p] =[N-—an+9+p 9+?) = 0, 
and [N, o =(N-qn+@ @] =O; 
it follows that S?[N - qn, ¢ +2] 
z 1 


And we have only 0+0=0. 


But if g =0, 
[NV +p, pm] -[N, 0] = SPN, #1]; 
« [N+p, pi] = St [Neste ieee ke tesete perenne a (v111) 
or [N, p,] = s? [ENP p< alll oe sccaemetoctcoperssaeemsielcecisee tens (vit1*) ; 
-. also [N,-p,] = s! [IN = "Digs Sill ote gaipoteceucws see nen ieee ect (1x). 


[16, 0] + [16, 1] + [16, 2] + [16, 3] + [16, 4] + [16, 5]. 


Thus [31, 53] = 
21 + 34 + 37. 


Or, 101= 0 + 1 a 8 + 
The following very elementary proof of this proposition has also suggested itself to me. 
We shall exhaust all the ways of resolving N into p parts, having 1 for their lower limit, 


if we take 
Ist, p— 1 units, and the remainder N - (p — 1) entire, not less than 2. 


ed, p-—2 units, and the Bi-partitions of the remainder N — p + 2, not less than 
9 


Ae 


mthly, p—m units, and the m — partitions of WN —p +m, not less than 
Lastly, p— p= 0 units, and the p — partitions of N-p+p=N, not less than 2*. 


y N 
= When p>d, the greatest value of m is N—p; and the | of the partitions, the two cases of p not =e and p>, are both 


partition of NV, corresponding to that value, is [(2p»-— NV) units, | comprehended in formula (v111*). 


and (N—p) repetitions of the number 2]. As regards the number 
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From each of the parts, in every one of these partitions, deduct 1. 
Then we shall have 


[N, Di] =(N -p, 1,]+[N-p, 2, | IP oooreoone [N —p, m,] + cccovsces [N - p,]: 
Also, [N +p, p,] =[N, 11] + [N, 2:] +.-..00-6. [Ny pi]; 
=a[N5 pall 

p= 0 0 1) 0 0 0 10) 0 0 
ay 0 1) Li 4 sl Ui a aj | 
= 2 1] 2 Seis) 4 4 ee 5 |) 6 
= 8 16 at ad 31 4 s | 10 | 12 
escavaly i@ 0] 1 21 3 6} 9] 11 | 15 
= 5 | 0 GO PXOR He ahah) ee i go rsa laa | 10 | 13 
= 6. 0 QO GO te tle |e | erie wpe 
= 7 (0) On OnlesOnle Onle sl 1 2 She Se | en 
- 0 Ou OF Oh Obs oon) aL eh elles 
=9 | 0 Gi Cor Or} Ooh 70. Ott leas 
=10 | 0 OveeOuienOnl One Ol. Dold ot a), a 2 
= Si 0 GANKOMLOWnZON lh) Ost, O de ek COMM Ork Ia od 
=12 0 Oa Gn OO WON Oo) Ore Ot oly 2 

SE va | | 21-3] &| 7|11]15| 221 80 | 42 | 56 | 77 


8. I shall proceed to shew the application of these latter formule to the construction of a 
Table of the Partitions of Numbers, and point out the leading properties of such a table: and 
since all partitions, whatever may be their lower limit, are reducible to partitions whose lower limit 
is 1, I shall confine my observations to a table whose lower limit is the Unit. 

To the Equation of Differences, 11, we may give the following forms: 


LN, P:] -[N-1, ni 1] = LN — pail so ce ae act ce vee! (I 
Or Ny Dl LN pl — lo. — = [NS 91] yenace ven censcn vances (x*). 
1 


and these will best serve for the construction of the table. 


The annexed table is one of double entry, N being the index of the columns, and p of the 
lines. [N, p,] is the term in column N, line p. In formula x, the change to N-1, and p—1, 
marks that we are to recede simultaneously one column and one line, that is, diagonally. The 
diagonal will cut line 0 at the head of column N — p, and [.N — p, p,] is the term on the p™ line of 
that column, Thus the term on the p' line in the vertical column is the difference between the 
terms on the p™ and (p — 1)" lines on the diagonal. Suppose that all the terms are known in the 
vertical column WN, and that we have determined all the terms on the diagonal, proceeding from the 
head of that column to the (p —1)" line inclusive. Then the term in the diagonal on the p™ line, 
that is, [NV +p, p,], is equal to [N+p- 1, p—1] +N, pj; and in the same way the term 

1 
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on the (p +1)" line of the same diagonal may be found; and so in succession, to any required 
extent, until they become constant: (vide § 9). 

The consequence of the preceding equation is, that any term in the table, say that on the p™ 
line, in column N, is equal to the sum of all the terms from line 0 to line p inclusive in column 
N-p; which is the column at the same distance backwards from column N, that the line 0 is 
from the line p. 


y. Ifin the table we draw a zig-zag line from [0, 0] to [12, 6], it will be seen that all the terms 
below that line are of constant recurrence, and are identical with the numbers 1, 1, 2, 3, 5, 7, 11, 
15, &c., which arise from the summation respectively of all the terms in the columns...... OF tly 2 
3, 4, 5, 6, 7, &c. 1 proceed to explain this. Let any diagonal line proceed from the head, say 
of column 4, advancing simultaneously one column and one line. When that diagonal cuts the line 
p, N will be equal to 4 + p. 


Now [4+ p, p] =S? (4, zs], 


and when p = A, or > A, its value becomes constant, and is [24, 4] =[4, 0] + [4,1] +...[4, A], 
that is, it becomes equal to the sum of all the terms in column 4. Thus one-half of the whole 
table is occupied by terms = 0; and an additional fourth of it by these constants; and were it 
thought requisite to compute a table of the partitions of numbers, it is only the terms that occupy 
the remaining fourth of the whole space of the table, that would actually require computation by 
the method of differences: and of this fourth the three first lines are so obvious, as merely to 
require being transcribed. 


SECTION II. 


On Combinations. 


1. Tue well-known Theorem in Combinations enables us to determine in how many different 
ways w elements can be taken at a time out of s elements, all dissimilar. It is the coefficient 
of wv in the developed power of the binome, [1 + @]’, which, in this case, affords the solution of 
the problem. 


2. In the first case of combinations which I now propose to investigate, the combining elements 
are also of s different kinds ; but there may be more than one element of the same-kind : for instance, 
a of the elements A, 3 of the elements B, and so on; and the question proposed is,—In how many 
different ways w of the said [a + 3 + &c.] =o elements can be taken at a time, on condition that 
those which are plural in their respective kinds, may be repeated in the same combination ? 


3. Combining elements of the form proposed are found in the s geometrically progressing 
polynomes, 


[1+ da+ Aad ...... Ata®| x [lx Bork 2 «ss Ba? ] x &e., 


and all the possible combinations of these elements, taken 0, 1, 2,...... babe ete o, at a time, 
are respectively found aggregated, each with a positive sign, in the coefficients we obtain of 


when the product of the said polynomes is developed according to the powers of x. That develope- 
ment, supposing all the coefficients to be complete, is of the form 


1+ S[Ala+ S[4°+ AB]a®? + S[4 4+ 4B+ ABC) a*+...... 
+S [4% + 4°") B 4 A-*(BY + BC) + &e.] 2° + 0... 
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If 1 be now substituted for each of the elements 4, B, C, &e., the polynomes will respectively, 
become [1+ 2+a°+......0°], [l+a+@'+...... x®], &c., and the coefficient of x" in the de- 
veloped product, now that 1 has become the value also of each term of the form 4?B’C’ in that 
product, will represent, not only the sum, but also the number of all such terms: that is to say, 
of the different combinations which can be formed with the o elements, taken w at a time. 


4. That coefficient is an explicit function of ~, which I now proceed to determine. 
The product of these geometrical polynomes, is 


i= gtth je ger 


‘ . &e.: 
1-2 1—-@ 
that is, (i —w)-* [2 = af *"] [1 —aF*"] .&e. .....0 0.2 (x1.) 
cap aie 
But [1-a#]*=1+sa+ “ae t hace ri aw" + 
1 
= yy es ie a 2 ae aE: [ee +1]t|* o* +). 


For the sake of brevity, 
Let w+1 be represented by w,; 
Getto 8) feccksecckwaces by a,; 


fay aa eae eee by B,; &e. 


ist. When each of the s kinds of elements, 4, B, C, &c. admits of unlimited repetition, the 
required coefficient of a", will be 
The s"| 


1 
ye? or rp? niemieosivseieetes De ented otis Salted eae haWeaans sui a © 3 6) 


and in this case, of plural elements, all kinds admitting of unlimited repetition, a solution of the 
combination problem, to the same effect as the preceding, has, as Mr. De Morgan informs me, 
been given by Hirsch. 


2dly. When the elements of one kind, 4, are limited in number to a, but the elements of 
the other (s—1) kinds may be repeated without limit, the required coefficient, (which is that of 
(1 — 2)" [1 - a” ]), will manifestly be 


1 
pape Le — [u, — a Jo 3 1], ces cec eer cesceeeeeceeeeeeeerereee (XID), 


from which expression however, the second term is to be excluded, in case [w,-a,] should be 
negative. 

3dly. When the elements of two kinds, 4 and B, are limited in number to a and #3 re- 
spectively, but the elements of the other s — 2 kinds may be repeated without limit, the required 
coefficient, (which is that of 2" in the developement of (1 — x)~* [1 -a”] [1- w*.}), will be obtained 
by performing on formula (xr) with 8, the same operation that was before performed on formula 
(x1*) with a. The result will manifestly be 


ee ae oh 
rv |" — [w, —= BES? 


SPacsesecce (tare 


* I use the factorial notation, in which 
s*|! represents s (s +1) (s+2)..-... --.- [s+(u—1)], 
ANG css |S ceeo s (s—1) (s—2) ..........-- [s—(u—1)]. 
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from which expression, however, every factorial expression is to be excluded which has a negative 
quantity for its first factor. 

4thly. By operating on formula (x11), with yy, in a similar manner, and on the result of that 
operation with 25 and so on in succession, until there remain no factors undisposed of, we shall 


obtain for the coefficient of the developement of [1 —a#]~* x [1-a*][1-*], &e. the following 
expression, subject to the same rule as before, of omitting every factorial which has a negative 


quantity for its first factor : 
us|? —[u, —a,)*|1+ [u,—a,—B,]*"'|' — &e. 
1 ie a es meee | 
| —[u,-y)}O))+ [4 -B,-yJ]7|'- | fears 


— &e. + &e. 


5. Now if a, B, ry, &e., are all equal, that is to say, if the required coefficient is that of x” 


1— 2. ’ 
in the developement of ( = i formula (x1v) will become 


— 


2] -1 
¢ ut |!—s[u — a,]'|' + an [w,-2a,]*-"|'- &e. 
ran |> ereieee (xv) 5 
+(-1)° Ube [u,- Oa ]*-'|' + &e. 


where, for any determinate value of wv, the maximum of @ is the integer nearest to, and not 


Rise F oe : Dee ; 
exceeding te but if « attain its maximum (which is sa), then the maximum of @ is the 
a 


Sat+l 


integer nearest to, and not exceeding ; 
; Cher 


Example of formula (xrv). 


How many different combinations can be formed by taking 2, or 8, at a time, of the 10 elements, 
of 4 different kinds, 


A, BB, CCC, DDDD? 


Answer, for w= 2; 3:14). 5) 1 112 673i] = 9: 


eee 
Answer for wu = 8. 
9.10.11—7.8.9+4 5.6 
—6,°7.8 + 3.4.5 
5167 one e deed 

5 B 
—4.5.64+2.3.4 
atl  Quece, 


Example of formula (xv). 
How many different combinations can be formed by taking 2, or 8, at a time, of the 10 elements, 
belonging to 5 different kinds, 


Ad, BBINCC ID De Eee 
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1 
Answer for 2; ins Se 


Se ae ee [9.10.11.12 —5.6.7.8.9+10.3.4.5.6] = 15. 
NEA ox! 

6. Incases of Combination, such as those to which formulas (xtv.) and (xv.) apply, when it is 
required to determine the number of Combinations corresponding, not merely to one or two powers 
of x, but to the entire range of the values of w, from 0 to [a + 8 +, &e.] =o in the former case, 
and from 0 to sa=o in the latter, the expression (x1.) for the product of the s Polynomes suggests 
the following method for determining arithmetically the entire series of the Coefficients. The 
method will be best explained by an example. 


How many Combinations can be formed from the Six Elements 4, BB, CCC, taking 0, 1, 2: 
3, 4, 5, 6 of them at a time. 


Different Values of 2 


Coefficients of (1 — x) ~* 


Subtract 


Coefficients of (1 — aw) * x [1- 2°] 
Subtract 


Coefficients of (1 - w) ~* [1 — a] [1-#'] 
Subtract 


Coefficients of 


(1 —@)*[1-a*] [1-2] [1 - 2] 


The law of the terms in the last line, which contains the answer, deserves notice: viz. that the 
terms corresponding to the indices « and 6 — %, are equal. 


How many different Combinations can be formed from the Four Elements 44, BB, taking 
0, 1, 2, 3, 4 at a time? 


a 
Different values of u | 0 | 1 | 2] 3 | 4 | 5 
| a fae 
Coefficients of (1 — #)~* 1} 2] 3| 4| 5| 6 
Subtract 1 2 3 
. 2 eae eae 

Coefficients of (1 — w)~* [1 — a] | 10} ) Be] peed ek: | 3 
Subtract | eel ae | 3 

Coefficients of [1 — v]~* [1 — a*]* | jy so) ae | el a | | 0 


7. From the given numbers of the Combinations formed by 7 elements of ¢ different kinds 
which combine v at a time, and by o — 7 elements, of s — ¢ different kinds, which combine wu — v 
at a time, it is required to determine the numbers of the Combinations formed by those elements 


Vox. VIII. Parr IV. 3 
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conjoined; that is, by « elements, of s different kinds, which combine w at a time; assuming the ¢ 
kinds to be different from the s —¢ kinds. 


Let the Combinations which can be formed by 


taking w* at a time of the « elements, be fu, at. 


Son ME,= IU) ceseeriscsetoee Oem ira tecceesess nian Mig nTe 


Imagine some determinate values given to the variables w and v. Every Combination }w — v, 
« —7t may be paired with every Combination {v, +}; and thence will arise }w—v, o-rt 
x fv, 7} different pairs, each containing w elements of the s kinds, If « remains constant, while 
v varies, there will be a pair for every value of v from 0 to wu, if «<7; and from 0 to 7, if w>r, 


Thus we have, for u <7, 


fu, ot = fu, o-7} f0, vt + fu — l, a-7} x {1, vt =f loeiciealelele/cle'eis 


saiciewsivsciise soaeeheoewsaves vest: gle Cum Ot eh aully: apt ich Osc a\tnaa meen scm 
For u>tT, 


fu, of = fu, o— 7} §0, re + fu—1, o— Tt fl, Th + oon. -0se0000e(XVI). 
vstcccscsccecccseeeee F (U—THI1,¢—TH {r—1, TE + fu—T, c—7} Jr, zHH. 


Now in each of these expressions write (o — wv) for w; and we shall have in the former 


5 —-uU>o —7T; therefore some of the terms at the commencement of this formula fail; in the second 
expression we shall have o —u<o — T. 


For g -u>o0-T, 
So-u,ot=fo-—7, o-Thf{r—U, Th + crcecrere fo-—7T-U, o—T} $7, Th 2.00060. (KVIMI). 
For ¢-uw<o-T, 
fo =, fade =u, F— Th {0y Th veescdonveee [Om Tim Uy GM gm beeomernmemet cee Ue 
I shall apply this method to the two examples before given, where we have for the Combinations 


of A, BB, CCC, taken 0, 1, 2, 3, 4, 5, 6 at a time, 


1, 3, 5, 6, 5, 3, 1 Combinations; 
and for the Combinations of 


DD, EE, taken 0, 1, 2, 3, 4 at a time, 
1, 2, 3, 2, 1 Combinations, 


From these numbers, we have to determine the number of the Combinations of all the Elements 
A, BB, CCC, DD, EE, taken together 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 at a time. 


. . —_ ‘T . 

* I write {w, o} to denote the number of Combinations formed {uo}= Sol {v,7r}x{u-v,o—7} J]; 

by o elements, plural or singular, of any kind or numbers of kinds, | and the terms of the table itself are given by the equation 

when those elements 3S ec U ata time: { 5 is used instead of | [u, v] =[v, v] [w-v, 0}; which means that the term on line u, 

{ J, im order not to confound Combinations with Partitions. ; column x, is equal to the product of the term on line v, column 
+ The formula is perhaps better given in the condensed form, ! », by the term on line (w—v), column 0, 
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8. From the foregoing investigation, I deduce the following important Corollary; that ¢ 
Elements of various kinds, and singular or plural in their several kinds, will form the same 
number of different Combinations, whether they combine wu, or ¢ — u, at a time. 


For if we compare the Ist, 2nd, 3rd, &c. terms in formula (xv1.) with the last, penultimate, 
and ante-penultimate, &c. terms respectively in formula (xvirt.) ; and if we make a like comparison, 
term by term, of the (xvir.) with the (x1x.) formula, we shall find that the first term and the last, 
the 2nd term and the penultimate, the 3rd and the ante-penultimate, and so on, are identical, in the 
series $0, of, 41, Gitaiieastece ence $o-—1, of, $a, ot, provided it can be shewn that the same law 
applies to the terms of each of the two component series, 


{0, vt, {1, vt, Naniamm eae wi {r-1, Tt, fr, zt, 
and 0, « — r}, f1, ¢—7}, wa eee fo-7-1, o-7h, jo-—7T, o-T}. 


But when the 7, and the (¢ —7) elements each consist of only one kind, the number of the 
Combinations that can be formed by taking 0, 1, 2, 3, &c. of these elements at a time, is invariably 
1, 1, 1, 1, &c: and this series is identical, whether it be taken in direct, or in reverse order. 
Therefore the law will apply to the series formed by the elements of two single kinds conjoined ; and 
therefore to the elements of three kinds conjoined; and therefore universally, of whatever number 
of different kinds the elements may consist. 

Hence it appears that, to diminish the labour of computation in the application of formulas 
(xtv.) and (xv.) to particular cases, we ought always to make a selection of the least of the two 
numbers zw and o — u, before substituting one of them for the variable in either of these formulas. 

The theorem just established may also be enunciated in the following terms: 

If the product of any number of geometrically progressing Polynomes, each of which has a 
limited number of terms, and # for the common ratio of the terms, be developed aceording to the 
powers of w; then, assuming o to be the sum of the dimensions of all the Polynome factors, the 
Coefficient of x“, in the product, will be equal to the Coefficient of a7-“. 

9. Hitherto, the Combinations I have been considering, have been subject only to the condition, 
that they all contained w of the given Elements. But we may impose the further one, that the 


3Q2 
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number of the kinds from which the « Elements are taken, shall be x; or this additional limitation, 
that m of the x kinds shall each contain v elements ; 
Wn ah Se 2 Be ease essences bos. © geatoeeeets 


” ” 


MY cocccevcccvicicesiveesespesciccicedisce U 


eee weneee > 


and so on; and the Elements from which such Combinations are to be formed, may admit either of 
limited, or unlimited repetition. 


10. If the given Elements are of s kinds, and may be repeated in each kind without limit, the 
Coefficient of #, in the product of the geometrically progressing Polynomes, will consist of terms 
in which there are « elements of one kind, ... of 2 kinds, ... of x kinds, ... x never exceeding w, 
and finally, when w becomes equal to, or greater than s, becoming equal to s. Consequently, the 
models or types, after which these several terms in the Coefficient of w are formed, will depend 
altogether on the partitions of the number w into I, 2, 3, ... % parts. If w <-s, the number of 
these terms will depend on the number of the partitions of w enumerated in the expression, 


[w, 11] + [uw 2,] +... [um] = [2 4, wm]. 


When w becomes equal to s, the number of these partitions will be [2 s,s]. When w > s, the 
number of the partitions will be 


[wu 1] +[wt+2]+....-. [% 1] = [wts, 5]. 
See Article 7, Section I., of the present Paper. 


Thus, if the Elements are of 6 kinds, and they are to be combined together 7 at a time, there 
will be in all [13, 6] =14 types, in accordance with which all the Combinations, containing 
7 Elements each, will have to be constructed; and these types are the following partitions of the 
number 7. 


Number of 


ands. Partitions of 7. | Corresponding Type. 


Al 

ASB 

ABB 

AtB 
A°BC 
A*B°C 

A3 B3C 
A3B2C? 
A‘BCD 
AIB’CD 
A2B2C?D 
ABCDE 
A?B?CDE 
A?BCDEF 


wm He 


. 


ne ran 
— mm 69 


m4 


5 

4 
Bese 
3,2 


~w 


. 
— 


oo 


vo 


wo 
Oo ee 


cs) 


10.* Let one of the s— partitions of w be 


Uy u 


OM Os Uareesnee (12) 7G, 05 Dig cece sei M2) COO ee Dar sereeteet (m"), &e., 
, ” 
SOuthaturetuecta) treacle eee ase 


and mv +m’ v + mv! + .scccee = Ue 
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Ale? 


Since the s kinds of Elements can be combined # at a time in different ways, and since 


3 
the different x parts of the above partition admit of being permuted, and in that way differently 
|? 
i) aR ad ej 
different Combinations of the proposed form, in case of unlimited repetition, will be 
Balas ital b rahe 
@ 1 = Nn m 114m 11 
1°! = | dee ikaw [oss 
and if corresponding to every different x — partition of ~, we construct a similar expression, the sum 


of these will give the total number of the Combinations which can be formed from the s kinds of 
Elements, when in each Combination there are « Elements of = kinds. 


distributed among the x kinds of Elements, in different ways, the number of the 


Tos i ae wedenoanaees (xx). 


11. In the case of unlimited repetition, the aggregate of all the terms, containing w Elements of 
2 kinds, admits of Summation. For, if in each of the x — partitions of the number w, the parts be 
permuted one with another, the number of all these permutations will be 


ee Se ea ees lies 
a = See a ae sew ae swesucsee iy (KEL, 


saat 


equivalent terms in the developement of the Binomial [1 + 1] This will appear from the 


: - = u one - 
following consideration. In the case of ; } partition, the parts can be permuted in one way. 
or : 


(w-1) - 
or Bi - 
factorial successively up to =*~* [1], Ob Sas [uw — 1]; and the formula (xx1.) will be the Integral. 


In the case of } partition, the parts can be permuted in (x — 1) ways. Integrate the 


Consequently, the number of the different Combinations, containing « Elements of z kinds, 
will be 


a (uw —1)7-4|7? 
2B aso Soap 


Examp.e. How many Combinations, containing eight Elements of three kinds each, can be 


3 Pres 4.3.2 7.6 
formed from four kinds of Elements, unlimited in number. Answer ——— x ; 
-2.9 2% 


= 84. 


Now the sum of all the terms of the form (xxu1.), from x = 1 to x = u, ought to be equal to the 

é s*|" d : : 
Coefficient of «", or to a and accordingly, if we give to the product (xxi1.) the form }x, s} 
x {x—1, u—1}, it will appear to be a particular case of the general theorem, Article 7 of the present 


2 1 
Section, last demonstrated; so that So [fs st x fs-1,uw-1}]={us+u-1} Sule the first 
= 


1 
term in the developement being 0, 


12. Suppose the Elements in the s given kinds to be limited in point of number. Let it be 
required to form, from these elements, Combinations, each containing («) elements of » kinds, with 
this further limitation, that 


m of the s kinds shall contain v elements, each: 


m eee cee retest ne et eseeseesces DV ceccccccccocese = 
” ” 


WMG a fk alo-aioaceacaaceatesaeemet AU teedeaaceecee kee se aU sO On: 
Ist. If none of the given kinds contain as many elements as are denoted by any one of the 
numbers v, v’, v’,..., no such Combinations as are required, can be formed from the given 
elements. 
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2ndly. If any of the given kinds contain fewer elements than are denoted by the least of the 
numbers ¥, v', v”... , such kinds, it is manifest, may be wholly omitted from consideration. 

3rdly. If any of the given kinds contain more elements than are denoted by the greatest of the 
numbers v, v', v’ ..., the excess above such greatest number may be wholly omitted from con- 
sideration; and, in the same manner, if any of the given kinds contain a number of elements 
intermediate between two of the numbers v, v’, v’, ... , the excess above the least of these two 
numbers may, in the course of the operation hereinafter directed, be wholly omitted from con- 
sideration. 

Thus the given set of elements admits of reduction to ¢ kinds, containing at least v elements 
each : 


+ 7” kinds, none of which contain v elements, but each of which contains at least v’ elements : 
+ T” kinds, none of which contain v’ elements, but each of which contain at least v” elements, &c. 


Thus there will be ¢ kinds to supply m kinds in each Combination with v elements each : 
*—-m+T" =¢t' kinds, to supply m’ kinds in each Combination with v’ elements, each: ¢’ — m'’ 
+ T”’ =t" kinds, to supply m” kinds in each combination with v” elements each: and so on, 

Therefore since m kinds have been chosen out of ¢ kinds; 

Mm? Biot. REAR EO COCORDE OLitH OVE Zs 5oq F 


WM, vislstne deere otis teeta aelees OUt: Of Nias en ece: 
the number of the Combinations of kinds that will be formed, in which the several kinds will 
contain the requisite number of elements, will be 
t” | -1 ee | -1 adel =f 
1” 1 os 1] 1 x a | 
ExampiLe.—From the elements F’, E°, D', C*, B’, A, how many Combinations of the form 
or type, 


KC ae weniemieeaiiecemmeceiecacesicee CKLED)s 


S512 SB coal 
can be constructed ? 


Since 3 is the highest number in the type, reduce the given elements from 


65, ESN aes eno Mair 

to ey eh Go eet ees | UR 

then to Oe hy Oe wile 
then to 1 Gets, ot 


Then since m=1; m'=1; m”=2; 

t=4; t=4; t= 4. 

ale 9a 8 ee oh ee ae 

ie “ it |S a ea 

13. When, however, after previous reduction, if requisite, the limited number of elements is 
the same in each of the given kinds, and it is required to determine how many Combinations can 
be formed from those elements in accordance with a given type, either all or none of the kinds 


will contain the number of elements requisite to form any required Combination: and the formula 
applicable to the case of unlimited repetition, viz. (xx.) 


s*| -1 
ital 5 a Pa aa | NOE) 
is to be applied. 
ExampLe.—Given the elements APB Cpaels. 


and the type A 2 ames 
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How many Combinations can be formed in accordance with that type? 
Here sa45 f= 35° m=1; m'=2, 
4.3.2 
} | 1 4? | 1 
Given the same elements.—How many Combinations can be formed in accordance with the type 
(hs Te 


Since 6 is greater than the given limit 5, the Answer is 0. 


And the number of Combinations = = 12. 


14. Before closing this Section on Combinations, I shall beg to notice that all of the theorems 
it contains, admit of an important application, and that is, to the properties of Composite Numbers. 


It is known, for instance, that, if the elements 4, B, C, &c. represent primes, a com posite 
number, of the form 4*. B®. CY. &e., will have the total number of its divisors represented by (a + 1) 
(8 +1) (y +1) &c.; but if the question be, how many divisors such a number has that are of w 
dimensions, the answer to that question will be obtained by means of formula (xiv). But it will 
suffice to have hinted at these analogies. 


SEC DION IL 
On Permutations. 


1. Wuewn there are s different kinds, each containing only a single element, these elements, 
taken w at a time, will form s"|~? different Permutations; where s*| —! = 1"|? x the coefficient of «* 
in [1 +a] developed. But when any of the s kinds contain more than one element, and the 
plurality of the elements is short of infinity, it is only in the particular case where uw is equal to the 
united number of all the elements belonging to the s kinds, that the number, of the permutations 
has hitherto been determined. In this case, if there be a elements of one kind, £ of a second kind, 
y of a third kind, &c., and a+ ++ + &c. =o, the number of the permutations formed by the ¢ 

Co (ht 
things taken all at a time, is Sa according to the well-known theorem. 

2. The latter formula denotes the number of permutations which the a elements of the kind 4. 
the 6 elements of the kind B, the y elements of the kind C, &c. are capable of forming, when, 
instead of being permuted indiscriminately, the 4’s, the B’s, the C’s, &c. change their order of 
sequence in respect of one another, but in respect of the elements of their own several kinds, preserve 
an immutable order of sequence. If the a elements 4, not to the full extent of 1* | *, but to some 
limited extent, undergo the permutations P(a); and in like manner the 6 elements B to the limited 
extent P(3); and the y elements C to the limited extent P(-y), &c. the number of the permutations 
which the o things will then together form, will be 

1 1 


FPP Re. ee) ea eeeey)§ RiCs wnse.waakees os ++ (XXIV). 

3, To determine generally the number of permutations which can be formed from any given 
set of elements, taken z at a time. 

Let any partition of w be p+q+7 +4 &e. =u. 

It has been shewn, in Articles 12 and 13 of the preceding Section, how to determine the number of 
all the Combinations which can be formed froma given set of elements, when each Combination is to 
consist of w elements of = kinds, and is to accord with any particular partition of «, or type. If 
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that partition be p, q, 7; then, in the number of combinations so determined, are included, not 
only those of the form 4’ B!C", D?E'F", &e. (in which the kinds of elements are changed), but 
also those of the form A” B? C!, D' E"F?’, &c. (in which the kinds remaining the same, the order of 
sequence in the numbers p, q, 7 is altered). Let the total number of the combinations corresponding 
to one such partition of w ‘i denoted by Q. Then since every such combination will give rise to 
ea aeinetl| baile : ; ; ie 
ae = Paty different permutations, if we denote TaReasnc by 
every different partition of w, or type, will give rise to Q x P permutations. We must therefore 
determine by Articles 13 and 14, the number of the combinations corresponding to all the different 
partitions of «, and also the corresponding permutation factors, and take the product; and the sum 
of all these particular products, or S'[Q x P], will give the total of the permutations which can be 
formed from the elements taken w at a time, 


’ 


ist Exampte. Given the set of Elements 4‘, B*, C?. Required the number of all the Com- 
binations and Permutations of those Elements, when 7 are taken at a time. 

Here w= 7; s = 33 and, since all parts are to be excluded which exceed 4, z in this case 
varies only from 2 to 3. 


siren lass, 2 | m | | mee | eV [a7] ee ee ee 
10 Ae factor: 3 tions. 
| 4, 3, Pea ste ea 1 1 1 = 35 35 
Parti- A 2 ln |\ 1 1 1 ESP |) tle Wi 1 BQ | 1 2 S205 210 
a ees alee alee nie el a HY 1 140 
Suan lal ee tl 22am 2 2 i 2 420 


end Exampie. Given the set of Elements 4’, B°, C°; required the number of all the Com- 
binations and Permutations of these Elements, when 8 are taken at a time. 


Here wu = 8; s = 33 and, since all parts are to be excluded which exceed 5, x in this case varies 
only from 2 to 3. The combinations are here obtained by the formula 


Given Combina- Permutation No. of Per- 
Elements. tions. Factor. mutations. 


Parti- 
tions of 8 


Hla 
to] to) 


4. The method I have just described, of determining in succession the permutations corre- 
sponding to the different partitions of the number w, must, in cases of limited repetition, have 
been adopted to determine also the number of the combinations, when w elements are taken at a 
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time, had not the formulz x1v and xy, or the method described in Article (6) of the former Section, 
afforded a readier method of attaining the same object. In the case of Permutations, I have not 
succeeded, except in certain cases, in readily determining by means of an explicit function of x, 
the number of the permutations formed by u elements of s kinds. 

5. It isa known formula, that when the elements in all the s kinds admit of unlimited repe- 
tition, the number of the permutations which can be formed by taking w elements at a time, is 
expressed by s”. 

If we take the form I have assumed, in Articles (10) and (12) of the former Section, for the 
resolution of w into x parts, where these parts are represented by 


My (Os Oy gan (ODED > Cap Mi <0 (4%) © 5 0, O's vax (IN); 
EAGER EE AE ep oe enn = 8, 
and mv + m'v' + mv" + ...... =U; 
we shall, in the case of unlimited repetition, have the combination factor, 


17}1 


Q, = 


reo mp} 
and the permutation factor, 
1/3 
P, = fix IG a? ad a ny” tere eeees ees eee (xxv). 


the partitions being those in which the lower limit of the parts is 1; and x extending from 1 to x, 
when uw < s; and from 1 to s; when w =or>s. 

But, by Art. 7, Sect. I, p. 5, [w, 1,] + [u, 2] + ....-. [u, %]=[u, »]; 
and the product Q x P therefore coincides with the expression given by Lagrange, in his demon- 
stration of the Polynome theorem, for the terminus generalis of the expansion of 


a One Mid" Sod" J: caunee~. sad (8); 


when multiplied by the factor 1"|'. The terminus generalis, so multiplied, is 


1b ee Ite 
; = 
d (oe [ae Si ; 


[Pi T+... (6) ]* = 1" 


where p, g, 7, &c., are all the different parts obtained by s — partitioning w, the lower limit of the 
parts being 0; and for every determinate set of values assigned to p, q, r, &c., these letters 
receiving every different order of sequence possible. 


In the case, therefore, of unlimited repetition, the number of permutations which can be formed 
by taking w elements of s kinds at a time, is the coefficient of w* in the product of the s infinite 


series, 
- 


[l+a+ “. + &e.] [1+ 04+ = + &e.] ......... (8); multiplied by 1" 


1 


6. It is manifest, therefore, that if with respect to the elements of any one kind, 4, we restrict 
the number of elements to a; and in another kind, B, to 8; and so on, we must make a correspond- 
ing restriction in the terms of 1, 2, or more, of the above Polynomes. And this leads to the following 
theorem: viz. that the number of the permutations which can be formed by the elements of s kinds, 
whose respective limits are a, 8, y, &c., when those elements are taken w at a time, is the 
coefficient of #2" in the product of the s Polynomes, 


xv a av a8 a 
1 + # +—.... —,) |1+0+-——+t... am) &c., multiplied by 1" 
( ia 1.2 er) ( 1.2 ARS es P y 


Vor. VILL. Parr IV. 3R 


pspacieestowe vee (XKVI)- 
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This theorem, I fear, is not likely to facilitate much the practical computation of the permutations of 
plural elements, though perhaps it may lead to curious Algebraic results, Professor De Morgan, since 
I made known to him this Theorem, has done much to remove the difficulties which beset the com- 
puting of permutations by means of it. But I doubt whether the method will be rendered more simple 
than that derived from a direct consideration of the problemof permutations, given in Article 2 of 
the present Section. Thoroughly examined, the two methods must in the end prove identical. 

I had some expectation that by giving to the Polynomes the form 


(e" — a) (ec? — b) (& — ¢), &e. = &” — ae* | + abes*~* — &e. 
—b + ac 
-—¢c + be, 
some facilities might be afforded to the computing of permutations in certain cases; but I do not 


at present believe that any such results are to be anticipated. 


7. The theorem, xxv1, has led me to the determination, in one particular case, of an 
explicit function of «, for expressing the number of the permutations formed by s kinds of elements 
taken w at a time: the case is that where, in all the kinds, the elements are dual. If we develope 

[4,+ A:w + A,a* + &e. |’, 
by Arbogast’s method, we obtain for the coefficient of a”, 


u—,r|- 
s A 1 


DL 4i) = St Gay A DAI) 


where D* (4,)"~* is the coefficient of #* in 
c 


[4, + 4.@ + A,a* + &e. |"; 


and a second developement leads to a double series, in which, if A, and A, are made equal to 1, 


and A, to 4, and all the other terms A,, 4,, &c., are made equal to 0, we obtain terms 
2. s 


. . v . x : s ® u zs 
expressing the coefficient of @” in (2 +@O+ =) ; and that series multiplied by 1"|! gives the 


number of the permutations in the case stated *. 


* I here transcribe the coefficient of 2, in [1+ a + 4,2° + Aza%+«-]' obtained by Arbogast’s method, slightly modified. 


rm 


{3/1 Cas lime Aj. 


] - A.) 
3. pea kale Ay + s*-2|-! a 


1 
4, ron [s*- |--4; + s*-3|-“.4, A3]. 


1 Anal eter Ae 
oa od ee eed ce 


6. a {&c.] (the law of the terms is obvious). 
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The series may be expressed by 


ur® =1 5-8 ey 
s (SS) COE AOU COCO ACE AHI) 


the limits of 6, when w is even, being 0 and mi 


Seamseiscsteca/ OU, Fay o and —— : 


~ 


This gives the number of permutations formed by s dual sets of elements, when taken w at 
a time. 


Thus when uw = 6, we have 


r Clg aF| > 64] gts? |=7 OF] see | > 
6 1 ss he 
es Q aora 2.4.6 ~ 
And when wu = 7, 
fe ep ci i ca i Peialeoe 1 
2 2.4 2.4.6 


When wz = 6, let s = 3. 


The number of the permutations = 


Il 
© 
> 


When w= 7, let s = 4. 


7.6.5.4.3.2.4.3.2.1 
PE 
2.4.6 


The number of permutations is then = 

It is not improbable that a further developement of the series obtained by Arbogast’s method, 
and a subsequent equating of particular terms to 0, might lead to other symmetrical and curious 
results. 


8. In Art. 7 of Section II., I have given a method, from the known combinations of two 
independent and separate sets of elements, differing from one another in kind, to determine the 
combinations of the two sets, when united. I proceed to apply a precisely similar method to Per- 
mutations. 

If v of + elements form $v, 7} combinations, and (w—v) of (« — 7) elements form {x — v, 
o« — Tf combinations, they will together form 

Sv, +t x f{w—v, o— 7} combinations. 

Take some one of the {v, +} and some one of the {w-—v, ¢—7} combinations. If it be a 
condition that the elements belonging to these two sets, separately considered, shall preserve their 
original order of sequence, but that those of one set of elements, as compared with those of the other, 
may change their places, the permutations formed by the two sets of this particular combination 
united, will be 
ited 

But, if the v elements, and the w — v elements, considered separately, may change their places, 
and the former may undergo P(v) changes, and the latter P(w —v) changes, and if the same may 
be predicated of the elements contained in each different pair of combinations, fv, tt and {uw -v», 


o-Th, 
SR2 
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then the number of the permutations, corresponding to every pair of determinate values given to v 
and uw —v, will be 
*PSu, o} = fv, rh {u—v, o—7} P(v) Plu -»), 
lees 


x 
And for the line w of the table, « remaining constant, and v only varying, we have 


u|l 
Phu, ot = S:| P fo, Tt Phu — se rt eon 


And the equation of the terms of the table of double entry, in which w is the index of the line, 
and v of the column, is 


[u, v]=[v, v] x [we —v, 0] —— soon nodonces OS SAitA)y 


I give an example of such a table, applied to the case of the two sets of elements, 


A, BB, CCC; and DDDD, EEEEE. 


Permutations of A, B’, C*; whose Combinations are 1, 3, 5, 6, 5, 3, 1 


and of Dt, E° J conebebeeuccephepsiowens, PULSED Benda as Geiaemian see ae 
v= 0 | 1 | a | ee 4 5 6 
Pj», 7|= 1 | 3 8 19 38 60 | 60 | 
| 
7 Pir = 9, o—7}| | | IN ae | 
ll | i] i} 
0) 1 | 
1 2 | 5 
2 4 12 8 a4 
3 8 36 48 | 19 111 
4 16 96 192 152 38 404. 
5 31 240 640 760 380 60 2111 
6 56 558 | 1920 3040 2280 720 60 8634 
7 gl 1176 | 5208 10,640 10,440 | 5040 840 33,435 
8 126 2184 | 12,544 32,984 35,560 26,880 6720 116,998 
9 126 3402 | 26,208 89,376 148,428 107,520 40,320 415,380 
10 3780 | 45,360 | 207,480 | 446,880 468,720 201,600 1,373,820 
11 55,440 | 395,010 | 1,141,140 | 1,552,320 859,320 4,003,230 
12 526,680 | 2,370,060 4,324,320 3,104,640 | 10,325,700 
13 3,423,420 9,729,720 9,369,360 | 22,522,500 
14 15,135,120 | 22,702,680 | 37,837.800t! 
15 37,837,800 | 37,837,800t 


* P {u, o} means the permutations of the elements contained in the combination {u, o}. 
+ The truth of Article 9, Section 3, is here exemplified. 
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9. The following corollary results from the preceding Article. 
1% 1 
The formula =a eee expresses the number of the permutations, not only of the 
a+ ++ + &c. elements, when they are all permuted together, but also of [a + B + y + &e.] -1 
elements, when permuted together: of which the following is the demonstration. 
1o—* | 1 


ir=3 [ae 


Since, by xxvii1, Pio-1, o$ =P§r-1, tT} Pio -7, nar 


17-! 1 
eFaeelicres tT] P{o-7-1, o- Tipe 
assume, for a moment, that 

Pir, r} = P{r-1, +}; and let each =J, 


and that Pia-—7, o-—7T}=P{o—7-1, c—7}; and let each =X. 


Then, P{o-1, 0} = J. Ke |} EO 
x 12 1 
Lo 
But, P fo, ot = Pfr, 7} Pho--, ae 1 =p 
2 eG 
aide a Es Cad Ee 


Hence the law enunciated will be true of the two sets of elements conjoined, if it be ever true 
of each of the two sets separately. But it is true of two separate sets, when each consists of elements 
of only one kind; for then, whatever may be the number of the elements permuted at a time, the 
number of the permutations is constantly one. Consequently, the law holds true when there are two 
kinds of elements conjoined ; consequently, when there are three kinds ; and therefore universally. 

Hence, in the product of the Polynomes, 


2 


[2 Ay pe cd. | [2 S & 
x a Vv ai] x “xe. 
a i]! +0+ aL 


the penultimate coefficient = o x ultimate coefficient. 


HENRY WARBURTON. 
May, 1847. 


ADDENDUM. 


Stnce this Paper was corrected for publication, a member of the Society, distinguished for his mathematical 
erudition, has caused the Author’s attention to be drawn to the work of Bézout* on Elimination, as containing 
a formula similar in structure to the Author’s formula xrv. 

In the Author's researches in Combinations, his concern has been exclusively with such of the terms of a 
polynome function of the s quantities, 4, B, C, &c., as were of some one, say, the u"*, dimension, By such 
modes of investigation as occurred to him, he obtained an expression representing the number of such terms, 


* Théorie Générale des Equations Algébriques, par M, Bézout, 4to, 471 pp. Paris, 1779. 
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with the special object of applying it to denote the number of the combinations which can be formed with 
plural elements. 

Bézout’s object, at least the sole use to which he applies his formule throughout his work, is elimination. 
His concern is with all the terms, in the aggregate, of how many dimensions soever, belonging to such a 
polynome function as is above described. By a mode of investigation, entirely different from that of the 
Author, he obtains a formula expressing the number of the terms which, in a polynome, complete in all its 
terms of every dimension from 0 to w, are not divisible by any of the factors, A+, B®, C*, &c.* He finds that, 


a|l 
iu the complete polynome, the number of all the terms is represented by beside and the number of 


GIP. 
the terms not divisible by any of the said factors, by 
[w+1]'|'-[«+1-e]'|'+[w+1-a—f]|'-&e. 
rye = [ize Me Bil ||site1 ch ee ee Pliesateyare lore onaralofevetereeeters Soc ono (1.) 


— Ec, 
and this is the formula to which the Author’s attention has been directed. It agrees in its general structure 
with the Author’s formula xiv: the points in which it differs will presently come under notice. 

In his 4th problem, Bézout considers a particular case of an incomplete polynome, meaning thereby a 
polynome in which the highest dimension of one of the s quantities, 4, is a, of another B, is 2, and so on; 
a, 3, &c., belng less than u, the highest dimension of the polynome itself: and he here makes the observation, 
that there are as many terms in such a polynome as there would be of terms not divisible by any of the factors 
A**', B®*?), &c., in the polynome, supposing it to be complete; but he gives no formula coextensive with 
the generality of that observation. By following out that observation, we may, by two steps, deduce the 
Author’s formula x1v. from that of Bézout. 

The first step is the following. The terms which in the polynome, if complete, would be non-divisible 
by any of the factors 47*', B&*?, &c., amount in point of number to 
(u+1]}'|'-[w+1—-(4+)D]}|'+[e+1-(@+1)—-(6+1)]}'|'-&e. 

—[w+1-(8+D]'|' &e. sHoagocouean: (64,)) 

— &e. 
and such, therefore, is the number of the terms in the incomplete polynome function of s quantities, where 
a, 8, y, &¢c., are the limits of the dimensions of 4, B, C, &c., respectively ; the highest dimension of the 
polynome itself being uw. 

The second step is the following. If from a polynome whose highest dimension is u, all the terms of the 
dimensions not exceeding (w— 1) be deducted, the remainder will be the terms which the polynome contains 
of the w dimension. Hence the number of the terms of the uw" dimension in the incomplete polynome 
will be obtained, if in (2) we substitute w for (w+ 1), and deduct the result from (2). That is to say, the 
required number of terms will be A (2), meaning, by A (2), [1— E“] (2); i-e., 

[w+ 1} |*—[w+1-(a+1)}7 |) +[w+1-(@4+1) -(6+1)]"|!- &e. 
=p [ieee lp (8) 1) ied Secret (3.) 
— &e. 
which agrees with the Author’s formula xrv. 

Considering that Bézout’s work has now been published nearly seventy years, it will no doubt excite the 
surprise of many members of the Society, that a deduction from Bézout’s formula so easy as the foregoing, 
should not have been made long ago, and applied to the solution of the problem of the combinations of 
plural elements. 


a 


* The complexity of Bézout’s notation rendered it inexpedient to retain it in its original form. To facilitate comparison, the letters 
have been assimilated to those used by the Author. 


XXXVI. On a Peculiar Defect of Vision. By HENRy Goove, M.B., 
of Pembroke College. 


[Read November 9, 1846, and May 17, 1847.] 


Tue following details of a case of defective vision may not be uninteresting. 


About ten years ago I first perceived a defect of vision in the right eye, the extent of which, 
before that period, I believe to have been inconsiderable: the defect being that small objects, 
when viewed at the distance of greatest distinctness, appear as two. My attention having been 
called to Professor Airy’s Paper on his own eye, I find that my eye, tested in the manner he 
proposes, exhibits a similar defect. This method is to view with the defective eye a pinhole in 
a card, which slides along a graduated scale, one extremity of the scale being applied to the cheek- 
bone, and the other directed towards an illuminated sheet of paper. 


The following are the appearances observed : 
1. When the card is quite close to the eye, the image of the pinhole is perfectly circular. 


2. As the card is removed to a greater distance, the image becomes gradually elongated 
in the form of an ellipse, with a sharp dark line in the long diameter, most distinct at the distance 
of 4.5 inches, and best visible in a minute hole. 


3. At 6.13 inches the image has become extended into a bright well-defined line, of the breadth 
of the pinhole as estimated by the sound eye, and crossed in the centre by a dark line perpendicular 
to the former dark line which has disappeared: if several pinholes be pricked near one another, the 
dark band holds the same relative position in all of them. 


4. As the card is removed to a further distance, the bright line becomes gradually shortened, 
and at the distance of more than a foot appears as two bright spots only, situated one on each side 
of the dark band; but, at the same time, in the direction of, and as it were overlying the dark band, 
a bright line gradually appears, short at first, and becoming elongated with the removal of the card, 
so that at about 10 inches or more the appearance is that of a cross, most strongly illuminated in 
the position of the two bright spots before described. At 12.2 inches this cross appears as a regular 
quadrangular figure with concave sides, the two spots being most strongly illuminated. If a dark 
spot on a sheet of white paper be viewed in the same manner, the appearance is necessarily the 
same; but owing to the greater distinctness of the two spots, the remainder of the figure is easily 
overlooked, and the appearance is that of a double spot; consequently, if a page of small type be 
viewed at this distance, the print appears double. 


5. When the card is at 25 inches, and all greater distances, the image is a bright line perpen- 
dicular to that seen at 6.13 inches, the two spots representing that line having almost coalesced into 
one, causing the bright line to be brightest in the centre. 

Distant luminous objects with clear defined outlines, such as the Moon, appear as a succession of 
well-defined images overlying one another with their centres in this line. 


6. The more distant line is inclined to the mesial plane of the body at an angle of 21°, and the 
upper part falls inwards towards this plane. 

It appears in the above, that a short distance within the nearer focus a dark line occupies the 
position of the bright line seen at that focus, while beyond the focus at all distances the line continues 
illuminated. The same holds with regard to the second focus. 
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7. On viewing two dark or two bright lines drawn in the form of a cross, and held in the 
position of the lines above indicated, the vertical line appears broad and very faint at the distance 
of 6.13 inches, the horizontal line appearing clear and well defined; while the reverse is the case 
beyond 25 inches. 

There is no apparent defect in the left eye. If several holes be pricked near one another, and 
viewed by this eye at the distance of 5 inches, which is somewhat within the range of distinct vision, 
a dark central spot is observable in the centre of each: also a narrow luminous slit appears traversed 
in the direction of its length by two central parallel dark lines. 

It is probable that the defect of the eye is inherited, as my mother has a defect of a similar 
nature in both eyes. A circular pinhole viewed with either eye at the distance of 7.5 inches appears 
as an ellipse with the major axis parallel to the mesial plane of the body, while at the distance 
of 5 inches the image is an ellipse with the major axis perpendicular to the former, 


Since the period when the above measurements were taken, I have made frequent use of the 
eye; owing, most probably, to this circumstance, a very considerable amelioration has taken place in 
it; the first focus, which in the month of June last was at 6.13 inches, in the month of December 
was at about 10: the second focus was readily ascertained in the month of June to be at between 
24 and 25 inches; but in December it was impossible to determine the exact position of it by the 
simple observation of a pinhole; because, instead of appearing as a sharp distinct line, as before, the 
image was always confused by the presence of the luminous square above described. The image 
was, in fact, a rhomb, with the longer diagonal, distinguished by its brightness, in the direction 
of the further line, while the line seen at the nearer focus never disappeared, but became shortened, 
remaining always the brightest part of the image, and forming the shorter axis of the rhomb. How- 
ever, by means of the instrument described below, the second focus was ascertained to be at a 
distance of between 27 and 28 inches. Since December, up to the month of March of this year, 
no change whatever has taken place in the eye, notwithstanding the constant use of it. 

The length of the line, as observed at either focus, is, of course, dependent on the aperture of 
the pupil, and the distance from the retina, before or behind it, of the line of convergence of the rays 
refracted from the other focus. 

The differences in the eye observed in June and December, are exactly such as occur, when 
similar observations are made on a sound eye, to which is applied, in one case, a cylindrical convex 
lens of short focal length, and in the other a lens of weaker power. 

The instrument above alluded to as serving to determine the distance of the foci is simply that 
of Scheiner. Let a tube which slides within another in the manner of a telescope be closed at 
its extremity by a card pierced by a single pinhole, while the other extremity of the apparatus 
is closed by a card pierced by two holes, the distance of which from one another is less than the 
diameter of the pupil of the eye of the observer. When the extremity pierced by the single hole is 
presented towards a luminous surface, and the other is applied close to a sound eye, if the distance 
of the single hole is equal to the most convenient distance of distinct vision, free from any exertion, 
the hole will appear single; but if the distance be greater or less than this, the hole will appear 
as two; as is well known. This instrument may be applied to the determination of the two foci of 
a defective eye, by observing that, in order to ascertain the distance of either focus, the line passing 
through the two pinholes must be perpendicular to the direction of the line, which forms the image 
of the point at that focus. 

There are, however, two inconveniences attending the use of this instrument; namely, firstly, 
that if the eye, on which the observation is made, be at all long-sighted, so that the pinhole requires 
to be placed at a considerable distance, the two pencils of light falling on the two pinholes are nearly 
parallel, and therefore the pinhole may be moved through a considerable space backwards and for- 
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wards, without much affecting the position of the resulting images. The other inconvenience is, that 
the eye is naturally endowed with a power of adapting itself to different distances, and that this 
power is very little under command in an eye which is not habitually used, a circumstance, perhaps, 
frequent with those who have one eye defective: such an eye, when tested by any instrument, will 
at one instant appear to have one focal length, and at another instant another. When a cross drawn 
on paper is held at a distance between the two foci, I find that I can at will discern either the 
horizontal line, or the perpendicular, without altering the position of the paper. 

There are, therefore, no means of attaining the requisite measurements beyond an approximation, 
and the rest must be ascertained by direct experiment with a series of cylindrical lenses. 


Having calculated an approximation of the glass I required, I applied to M. Chamblant, 
a working optician at Paris, who occupies himself solely with the construction of lenses and 
spectacle glasses with cylindrical surfaces, and after several trials I succeeded in obtaining a glass, 
which gives me distinct vision of objects both far and near alike, thus shewing that the error of 
malformation is independent of the state of adaptation of the eye. The glass I use is plano- 
cylindrical, the cylindrical surface concave, with a radius of curvature of nine French inches. The 
axis of the cylinder when presented to the eye, coincides of course with the direction of the line at 
the nearer focus. 

A plano-convex glass also, with the axis perpendicular to the direction of the line at the first 
focus, and the curvature of which is the same, gives distinct vision, provided that the object 
is placed sufficiently near to the eye; or even a glass much stronger, when the object is very 
close to the eye. 

Considering that the inclination of the lines at the foci might have a physiological importance, 
I devised the following method of determining it accurately. If a number of pinholes be pricked 
in a card, in a straight line, and the card be fixed in such a manner that it may be made to revolve, 
and have an illuminated surface behind it, when a defective eye is placed at the proper distance, it 
readily recognizes the position of the card in which all the lines representing the images of the 
pinholes lie in one straight line, being the line in which the holes are pricked: care must be 
taken that the body is held perpendicularly. It is easy now to determine the inclination of this 
line to a hair stretched vertically by a weight. 

Within the last few months I have met with three or four cases of defective vision similar 
to my own; only two of which are of sufficient magnitude to be worthy of mention. 

One is that of Mr. Parry, who has served many years as a medical officer in the army. This 
gentleman’s left eye is perfect, except in being somewhat presbyopic, but from the time of his 
earliest recollection he has never had distinct vision with his right eye; he has never been able 
to read with it, though he has an indistinct vision of objects at all distances. 


His eye, tested by a pinhole in a card, perceived the hole as a horizontal line at the distance 
of 37 centimetres (about 144 inches); the line is inclined at an angle of 87 degrees to the 
mesial plane of the body, and meets this plane produced inwards and upwards. At some distance 
beyond this the hole appeared enlarged, and of a rhomboidal figure, but never as a line. 

When he viewed two lines drawn in the form of a cross, he saw well enough the horizontal 
line at 143 inches, and for some distance beyond, but at no distance could he discern the vertical 
line. The error therefore seemed to consist in an exceedingly feeble refractive power in horizontal 
planes: I therefore tested his eye with plano-cylindrical convex glasses, in order to obtain data 
for calculating the forms of glasses to be used for viewing objects at different distances; and 
we found that with a glass of 24 French inches radius, the two lines of the cross, at 12 or 14 inches 
distance, appeared of nearly equal brightness. This glass was rather too strong, while 3 inches 
gave a glass rather too weak. To view distant objects, therefore, I caused to be made a glass 
cylindrical concave on one side, with a radius of 74 French inches, cylindrical convex on the 
other, with a radius of 44; the axes of the cylinders of course crossing at right angles, and 
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the axis of the convex surface being in the vertical direction. This glass appears to fulfil the 
required conditions: it enables Mr. Parry to read inscriptions at a few yards distance, and also 
to have a distinct perception of very distant and minute objects, such as are presented in an exten- 
sive landscape. 

In order to ascertain if it were possible to detect any error of curvature on the surface of the 
cornea, I observed the appearance of the reflection of a small luminous square held a few inches 
from the eye; but in the central part of this structure the reflected image was perfectly square, 
while the distortions produced at the cireumference were equally produced in the sound eye; and 
there was no reason to conclude that the defect of vision arises from any defect in the cornea. 

Mr. Parry finds his sight considerably improved by looking through a small hole in a card, so 
as to admit pencils only to fall on the central parts of the cornea; or, still better, by looking 
through a narrow vertical slit, provided that the illumination of the object be sufficient to 
compensate for the smallness of the pencils admitted. He finds that a very slight pressure 
on the eyeball, applied at the outer angle of the eye, improves the vision. I also find the same 
when gentle pressure is made at the upper and outer part of the ball. It is to be observed, that 
the application of a narrow slit to a sound eye produces an effect nearly analogous to that produced 
by a plano-cylindrical lens. 

The second case is that of a student, who stated, that in observing small objects at 20 or 30 yards 
distance, he saw a second image of the objects, one image, however, being much fainter than the 
other. He considered that his sight had become impaired by too intense application to books, having 
only observed that his eyes were defective after several years close study. 

On testing his eyes by a pinhole in a card, he saw the hole as a horizontal line most distinct 
at about 35 centimetres distance; beyond this the hole appeared indistinct. Also when he viewed 
two lines in the form of a cross, when they were held at 35 centimetres distance, he perceived most 
distinctly the horizontal line, and at some distance beyond this the vertical line. The line seen 
at the nearer focus was exactly perpendicular to the mesial plane of the body. TI ascertained that 
the distinctness of his vision was considerably improved by applying to the eye a plano-cylindrical 
concave glass, of about 16 French inches radius. 


Since the above paper was read, I have met with three gentlemen in the University, all of whom 
have one of their eyes affected with a malformation similar to my own; or with “ astigmatism,” as it 
has been called. The amount of the “astigmatism” in all of them appears to be corrected 
by a plano-cylindrical glass, the curvature of which is 12 inches radius. 

In one of these gentlemen it is the more perfect eye that is thus affected. This eye, as observed 
in some other cases, gives diplopic vision of objects at a certain distance. Another stated that 
the vision of his eye was perfect until a few years since. 


HENRY GOODE. 


XXXVII. Contributions towards a System of Symbolical Geometry and Mechanics. 
By the Rev. M. O'BriEN, Professor of Natural Philosophy and Astronomy 
in King’s College, London, and late Fellow of Caius College, Cambridge. 


[Read March 15, 1847.) 


1. Tune important distinction which has been made by an eminent Authority in Mathematics 
between Arithmetical and Symbolical Algebra, may be extended to most of the Sciences which 
call in the aid of Algebra. Thus we may distinguish between Symbolical Geometry and Arith- 
metical Geometry, Symbolical Mechanics and Arithmetical Mechanics. ‘This distinction does not 
imply, that in one division numbers only are used, and in the other symbols, for symbols are 
equally used in both, but it relates to the degree of generality of the symbolization. In the 
Arithmetical Science the symbols have a purely numerical signification, but in the Symbolical they 
represent, not only abstract quantity, but all the circumstances which, as it is usually expressed, 
affect quantity. The Arithmetical Science is, in fact, the first step of generalization, and the 
Symbolical the complete generalization. 

In this view of the case, I have ventured to entitle the following Paper ‘* Contributions towards 
a System of Symbolical Geometry and Mechanics.” The Geometrical System about to be proposed 
consists, first, in representing curves and surfaces by symbolical formule, and secondly, in using 
the Differential Notation to denote Perpendicularity, according to the principles explained in a Paper 
read a few months since at a Meeting of the Society. The proposed Mechanical System is analogous in 
many respects to the Geometrical : examples of it have already been given in the Paper just quoted. 


2. The following well-known principles are those upon which the oo e 
Geometrical System is based. ae os 
ist. If ABCD be any polygon, then AD = AB + BC + CD. pe ee D 


This may be regarded as the definition of +. 
2ndly. Giving the usual definition of — it follows, that, in the triangle _ 
ABC, Pee 


AC —- AB = BC. 


3rdly. Where it follows that, if @ denote any right line, — a denotes an equal right line 
measured in an opposite direction. 

4thly. If m denote any number, ma denotes a line m times the length of @ drawn in the same 
direction as a. This follows immediately from the first principle. 

These principles, with some others which we need not specify here, form the basis of the 
Geometrical System about to be proposed, 


3. It will be convenient to consider that every line is traced by the motion of a point, and 
this will Jead us to distinguish between the beginning and end of a line, the beginning being the 
extremity from which the tracing point starts, and the end the other extremity. 


oS'2 
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4, When we say that a symbol, a for instance, represents a straight line, we mean that a 
defines the magnitude and direction of the line, but not its beginning ; in other words, the line is 
supposed to be drawn of a given length and in a given direction, but not from a given point. 

However, if the contrary be not specified or implied, we shall always suppose the line to begin 
at the origin, i. e. at a certain point chosen for the purpose of reference. 


5. We shall use the term Direction Unit to denote a straight line of a unity of length drawn 
in any particular direction, We shall always use the letters a, (3, -y to denote direction units, and, 
unless the contrary be stated, we shall also suppose these three directions to be at right angles to 
each other: in other words, we shall assume a, /3, yy to represent three straight lines drawn at right 
angles to each other, and each a unity of length. 


6. We shall divide symbols into two classes, Number Symbols and Line Symbols, the former 
representing numerical quantities positive or negative, the latter straight lines in magnitude and 
direction. 


7. We shall define the position of a point in space by the Line Symbol representing its 
distance from the origin: thus, whenever we speak of the point a, we mean the point whose 
distance from the origin is represented in magnitude and direction by the symbol a. 

In our idea of distance here we suppose direction, as well as magnitude, to be included. 


8. If a, 6, ¢ be any line symbols, it follows, from the first principle above stated, that 
a+b +c represents the distance of the end of the line ¢ from the beginning of the line a; the end 
of a being supposed to coincide with the beginning of b, and the end of 6 with the beginning of c. 


In like manner a — b denotes the distance of the end of a from the end of 6, a and 6 being sup- 
posed to have the same beginning. 


Hence, if a and b be the symbols of any two points A and B, a —b is the symbol of the 
right line drawn from B to A, and b — a the symbol of the line drawn from 4 to B. 


9. If # be any number symbol, and a any direction unit, va represents a straight line of the 
length w drawn in the direction a. 

Hence, if + be the length of a right line drawn from the origin, w y = the lengths of the 
co-ordinates of the end of that line, and a (3 y the direction units of the three co-ordinate axes, the 
three co-ordinates will be represented by the symbols wu, y, x+y, and the line by the symbol 


wat+yB+ xy. 
This symbol also defines the position of the point whose co-ordinates are x y 2. 
If a bc be the direction cosines of the line, its symbol becomes 
r(aa+bB + ery). 
The coefficient of 7 is evidently the direction unit of the line. 


10. Let » and 7+ be the lengths of any two lines AP and 4” drawn P 
from a point A, and let « and e¢’ represent their direction units; then the symbols aol 
of these lines will be 7 and 7’e’, and therefore the symbol of the line PP’ willbe 4 , 2 

6 — re. 
If x’ =r and ¢’ —«¢ is indefinitely small, this expression becomes 


rde. 


Now in this case PP’ is at right angles to AP, and therefore it follows that rde is the symbol 
of an indefinitely small line perpendicular to the line ve. 
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The length of this small line is rd@, assuming d@ = angle PAP’; but the direction unit of a 
line is expressed by dividing the symbol of the line by the symbol of its length; hence the direction 
unit of the small line is 

rde de 
PET or da 

Hence the direction unit of a perpendicular to a line re is “. 

In the Paper already referred to, which was read before the Society some months since, the 
reader will find this method of representing perpendicularity by the differential notation fully 
developed, and the notation Du .w’, thence derived, explained, together with an auxiliary notation, 
Au.w'; both of which we shall have occasion to make use of hereafter. 


11. The following is the method we shall adopt of representing curves and surfaces sym- 
bolically. 

To represent a curve or line we shall suppose a variable parameter to be involved in the symbol 
of a point, in which case it is clear, that the point will be indeterminate in position, but restricted 
so far, that it will always be found upon some curve or line. The symbol of a point therefore, 
when it involves a variable parameter and is thereby made indeterminate, becomes a symbolical 
formula defining some line or curve, and may be called the formula of that line or curve. 

In like manner the symbol of a point, when it involves two variable parameters, becomes a 
symbolical formula defining some surface, and may be called the formula of that surface. This 
virtually amounts to defining lines and surfaces by symbolical polar equations. 

It is important, however, to observe that we suppose the variable parameters here spoken of to 
be number symbols. If the variable parameter be a direction unit, it must be regarded as equi- 
valent to two number symbols, 


12. The following are examples of this method of representing curves and surfaces. 
The general symbolical formula of a straight line in space is 
u+Tre, 
where w is the symbol of a given point, ra mwmerical variable parameter, and ¢ a given direction 
unit. 

For take O4 =w (O being the origin) OB =e, draw a line through 4 
parallel to OB, taking upon it AP equal in length to r. Then AP is repre- 
sented by the symbol ve, and therefore w+ re is the symbol of the point P, 
which, since r is indeterminate, may be any point of the line drawn through A 
parallel to OB. 

It appears, therefore, that wu + re is the formula a straight line drawn through the point whose 
symbol is w, in the direction represented by e. 


13. In like manner the general symbolical formula of a plane is 

utretire 
y and 7 being numerical variable parameters. 

For take OA =u, OB=c, OC =e’, draw AP parallel to OB and equal in | Py 
length to 7, PQ parallel to OC and equal in length to r’, Then, it is evident, \ \ 
that w+re+?e is the symbol of the point Q; and that, since r and 7’ are 7 
indeterminate, Q is any point of the plane which contains the point 4 and is 
parallel to OB and OC. o B 

Hence w+re+?'e is the formula of a plane which is parallel to the directions represented by 
e and ¢, and contains the point whose symbol is z. 
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14. The following is an example of the case where the variable parameter is a direction unit. 
The formula of a sphere is 
uU+ Te, 
where ¢ is the variable parameter, and 7 determinate. 

For uw + ve represents a point whose distance from the point w is indeterminate in direction but 
determinate in length, being always equal tov. Therefore the formula wu +e defines a sphere 
whose centre is w and radius 7. 

We shall now illustrate this method of Symbolical Geometry by the following propositions, 
without attempting any systematic arrangement, as our only object is to shew the nature and use 
of the method. 


15. To deduce the equation of the plane from the formula of the plane, namely, w+7e+7'e. 
Let w y x be the co-ordinates of the point represented by w+re+r’e, x, y, x, of the point 
represented by w, let a B vy be the direction units of the three co-ordinate axes, and let 


e=aat+bBiey, ¢€=aWa+UB+e'y. 
Then we have 


cat yp Sf et 2S SI re 
=watyBt+xzy+r(aatbBt+ey) +r (ath B+e'ry); 

and .*., equating coefficients of a, B, y, w=a,+ratra, 
=y, +rb+rb, 
#+ret+ re, 
whence eliminating r and 7’ we find an equation of the form 

Av+ By+Cz=D 

16. To express the formula of the plane by means of the symbol D. 


If v be an indeterminate line symbol, and ¢ a determinate direction unit, Dv.e denotes a line 
of any length drawn at right angles to « in any direction, Hence it is evident that the formula 


re+ Dv.e, or (r+ Dv.)e, 
represents the plane whose perpendicular distance from the origin is re. 


i 
! 


% 


17. The formula of the right line drawn through the two points represented by w and w’ is 

evidently 
u+m(u' — w) 
where m is a numerical variable parameter. 

18. Hence if w be the formula of any curve the formula of the tangent at the point w is 

wu + mdu. 

19. To shew that the formula of the osculating plane of the same curve, at the point w, is 

u+mdu+ndu 

Let PP’ and P’P” be two consecutive chords of the curve; produce PP’ to any point Q, and 
draw QQ’ of any length parallel to P'P”: then Q’ is any point of the 
plane containing the two chords, which plane, when the chords are 
indefinitely small, becomes the osculating plane. 

Let wu wu’ wu” be respectively the symbols of the points P P’ P”; then 
the symbols of PP’ and P’P” are respectively uw’ — uw and w” — uw’, and 
therefore the symbols of PQ and QQ’ are m(w’ — u) and n(u"” — u Dag 
m and » being arbitrary numbers. Hence the symbol of the point Q’, 
and therefore ‘the formula of the plane containing the two chords, is 


u+tm(u —u)+n(u’ —w). 


OF SYMBOLICAL GEOMETRY AND MECHANICS. 501 


Now in the limit we may put 
u—-u=du, u—-w=du+du. 
Hence the formula of the osculating plane is of the form 
w+mdu+nd*u, 
putting m in place of m + n. 


20. From this formula to deduce the ordinary equation of the osculating plane. 
Let w y x be the co-ordinates of P, then 
u=tatyh+ ry, 
and therefore the formula of the osculating plane is 
(2+ mda + nd’a)a + (y + mdy + nd*y) B +(x + mdz + ndx)y, 
whence, if ~ y, x, be the co-ordinates of any point of the osculating plane, we find 
= "2+ mde + nd’ x, y=Ytmdy+ndy, ®,=2 + mdx +ndx, 

from these equations, eliminating the variable parameters m and n, we find the common equation 
of the osculating plane. 


21. Respecting the geometrical meaning of the symbols dw and d’w it is worth observing, 
that dw represents in magnitude and direction the element (ds) of the are of Ra 
the curve defined by the formula wu, and d’w represents what is called a } 
double sagitta, as we may prove very easily; for, let P P’ P” be three conse- / & 
cutive points of the curve indefinitely near each other; complete the parallel- / 
ogram PP” and draw the diagonal P’Q. Let uu’ w” be the symbols of the Bee 
points P P’ P”, then w” — w' represents the line P’ P”, and therefore the line . 
PQ, and wu — wu represents the line PP’; hence, it follows, that the line P’Q IS 
is represented in magnitude and direction by (w” — wu’) — (u’ —u), or, passing = /// 
to differentials, by d’u. P’Q is a double sagitta of the are PP” *. BF 


22. From this we may derive the following remarkable theorem. 
If « be the formula of any curve in space, s the numerical length of the are of the curve 
measured from any fixed point to the point w, » the numerical magnitude of du, and ¢ the 


2 


5 a . 2 s . 
direction unit of d’w, so that d’w=ve; then 2— expresses the numerical length of the chord of 
Oo 


curvature drawn in the direction e. 


The direction ¢ is perfectly arbitrary, depending on what the independent variable in the 
differential d*w is supposed to be. If we consider s to be the independent variable, it is evident 
that. PP’ and P’P” are equal in magnitude, and therefore the chord of curvature becomes the 
diameter of curvature. 


23. Another remarkable theorem is the following: 
du a : 
The symbol d (=) represents a line drawn from the point of contact towards the centre of 
s 


curvature, and numerically equal to the angle of contingence. 
This may be proved as follows. dz represents a line whose length is ds drawnin the direction 


: du 
of the tangent at the point w, therefore re represents the direction unit of the tangent. Hence. 
a - 


if we draw two direction units from the same point parallel to two consecutive tangents, the symbol 


“ If we take s as the independent variable, in which case PP’= P’P”, P’Q will be perpendicular to PP", and d?u will represent 
the double sagitta pointing towards the centre of curvature. 
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of the elementary line joining the ends of these two direction units will be a(=) . Now this 
8 


elementary line is evidently parallel to the normal drawn to the centre of curvature, and numerically 
equal to the angle of contingence (as the angle made by two consecutive tangents is commonly 
called). 


; : du - 5 fe : 
24. Let v be the numerical magnitude of a(*) , € its direction unit, and p the radius of 
s 


curvature; then, according to a well-known theorem, 


ds 
(iat Ee 


Hence, we may immediately deduce the well-known expressions for p. 


We haveu=va+yPh + zy, 


du dx dy 
and .-. a(*) = aad(=) + pao) + 


and .*. v= fa (=) \ \¢ (2) \ 14 ny. 
ds 


Safa @yh fay 


which is the well-known expression for p, the independent variable being arbitrary. 


a 
Ce 
Se 
Die 
Se 
= 
Ps 
She 
Sls 
See 
I 
ie) 


Hence 


ag du : , is 
25. Ifm be any number, it is clear that ma (<*) represents in magnitude and direction 
s 


any line drawn from the point of contact through the centre of curvature. Hence, the formula of 
that normal which lies in the osculating plane is 


d 
u + md (= “). 
d 
m being the variable parameter. 


26. The symbol of the centre of curvature is evidently, 
ds 


--——"€5 
v 
du 


ae 


wee , (du 
27. If § denote any arbitrary variation (as in the Calculus of Variations), then o lel denotes 
8 


e being the direction unit, and v the numerical value of d ( 


; sng ., du 
any small line at right angles to the direction unit wee i.e. to the tangent. Hence, the formula 
ls 


wma (2). 


It is obvious that this is also the formula of the normal plane, for it is the symbol of any point 
in the normal plane. 


of any normal at the point w is 
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To deduce from this expression the common equation of the normal plane. 
Let « y x, be any point in the normal plane; then 

du 

Vat y, 2 +23 y =Ut+ mo (=) 


tl 
as 
8 
+ 
3 
ao 
als 
ss 
—— 
R 
a 
(at 
oc 
+ 
3 
oo 
Pa 
&| a 
aS 
a 
es) 
mex) 
+ 
—— 
eR 
+ 
3 
o& 
ja 
Sie 
xR 
Ss 
—— 
2 


Hence we have 


dx as 
w,-a=mo—, y-y= md, z,— 8 =md—, 
F du dy dz m., {(ds)* 
md AOD +a Flan 


which is the common equation. 


28. It is however much more convenient to use the symbol D in expressing perpendicularity. 
Dy .du denotes a line of any length perpendicular to dw, supposing v to be any arbitrary line 
symbol. Hence the formula of the normal plane is 


w+ Dv.du. 


29. The formula of the normal perpendicular to the osculating plane is 
u+mDdu.du, 


because dw and d’wu both respresent lines lying in the osculating plane. 


30. We shall now give a few examples of the application of this method to surfaces and to 
some common geometrical problems. 
If w be the formula of a surface, the formula of the tangent plane at the point w, is 
u+mdu, 
m being a numerical variable parameter. 


For dw represents the elementary line joining any two contiguous points of the surface, and 
therefore mdw represents a line of any length touching the surface at the point w. 


31. The formula of any normal plane (i. e. any plane containing the normal at the point u) is 


_ evidently 
u+ Dv.du, 


v being any arbitrary line symbol. 


u, being the formula of a surface, must involve two variable parameters: let them be m and x 
(both numerical), and let d,,« and d,«w represent the respective partial differential coefficients of 
with respect to m and m: then the formula of the normal at the point w, is 


u+pDd,u.d,u, 
p being a numerical variable parameter. 
32. The formula of a plane containing the three points wu, vu’, wv’, is 
u+m(u —u)+n(u" — xX), 


or what is the same thing, 
” o 


mu + mw +m’ u". 


Where m, m’, m” are numerical parameters subject to the condition m + m’ +m” =1. 
Vor, VITI. Parr IV. 35 
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33. If w be the formula of a right line (involving of course one variable parameter), the 
formula of a plane containing that line is evidently 


U + Mv; 
m being a numerical variable parameter, and v any determinate line symbol. 
If the plane be also restricted to contain a given point w’, its formula is 


, , , 
U+tm(w—-U), Or MU+MU, 
where m +m’ = 1. 


34. Let the symbols of the angular points of a triangle be w, w’, w’”; then the symbol of the 
point mid-way between w’ and w” is (uw +w’"), and the formula of the line drawn through 


this point and w is 
ab t= Ue 
u+m Sara a eta 


3m m , mr 
OF lS = ut—(w+u +U). 


~ 


Now if we put m = 2, this formula becomes symmetrical with respect to wu, wu’, u’; which shews 


that the point whose symbol is }(w + «’ + wv”) is common to the three bisectors of the sides of a 
triangle drawn from the opposite angles. 


35. We shall now give a few examples of this method applied to Mechanics. We have 
already (in the Paper read a few months since) shewn how the fundamental principles of Statics 
may be proved and expressed with great simplicity by means of the symbol D. We have also 
shewn how the motion of a rigid body about its centre of gravity may be investigated by means 
of this notation, and exemplified its use in the problem of Precession and Nutation. 


36. We may investigate the equations for finding the motion of a planet in the plane of its 
orbit, and the motion of that plane, as follows. 


Let w be the symbol of the position of the planet at any time ¢, then the symbol of the force 

acting on the planet will be 
du 
dt” 

Let 7 be the radius vector of the planet, a, 8, y, three direction units at right angles to each 
other, a being the direction unit of z (and ... w =a), and + being perpendicular to the plane of 
the orbit: let w, denote the angular velocity of 3 and y about a, w, that of y and a about #, 
w, that of a and B about y; then w, is the angular velocity of the planet in its orbit, w, is the 
angular velocity of the plane of the orbit about the radius vector, and w, is evidently zero. Hence, 
(see Equations 38, former Paper,) we have 


da d d 
ag 7&3 oP = wry — we =< — 3. 


: nee Se d d d 
Now w=ra; wherefore differentiating and substituting for = : ze > and — we have, 
du dr da 
eS) —— 7 
dt adler aa? 
dr 
= dt a+ rw; [3 3 


_ Pu | adr dr da aren), ms 
ae aa” Wagar mands = 


dp 
dt 
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ar dr d (rs) 

_ (GE- res’) a+ {Fes +l g + TW3@)- Y: 

This is the general. symbolical expression for the force acting on the planet, and it consists 

of three parts whose direction units are a, 3, y, that is, incl act, along the radius vector, 

perpendicular to it, and perpendicular to the plane of the orbit. Hence, or P, Q, S be the 
forces which act on the planet in these three directions respectively, we have, 

dr 

P => dé — T W3’5 

dr  — d(ra) 1 d(r°as) 

Sie eh os are 


LY = T Ws 5 
which are the general equations for determining the motion of the planet, and of the plane of the 
orbit. 
37. To determine the motion of a particle acted on by a central force varying inversely as the 
square of the distance. 
Using the same notation as in the preceding Article, it is clear that the symbol of the force is 


ua 
Se 
and therefore we have 
Pu pa 
dé aS Wate ache ee La (1). 


Performing the operation Dw on each member of this equation, and observing that 
Du.a=rDa.a=0, we have 
du 


Du. 
df 


=0; 


du 
and therefore Du SI COUBLANG ae aeenecuene seacacessenel (2)is 


ee : ; F du du 
for the former equation is evidently the differential of the latter, observing that D ea o*. 


du dr 
dt dt 
Da. =v; the equation (2) becomes 
r wry = constant. 
Hence, y is an invariable direction (i. e., the motion is in one plane) and 7*w is constant, equal 


to h suppose. 


Now w=ra, a+?rw3 (writing w instead of w;), and therefore, since Da.a = 0, and 


Now = = -—wa, and therefore (1) becomes 


dup dp ndp 
dt re dt h dt’ 


* It is obvious that d(Du.v)= Ddu.v+Du. dv. 
3T2 
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and _ therefore 


du as B t 
— = — [3 + COMStANE 2... .e.ceereereerseeeeee (3 
ae (3), 
: du . ; h F 
and therefore putting for Fi its value, observing that rw = =e and assuming ¢ to be the direction 


unit of the constant, and e its numerical magnitude, we have 


dr h 

nee 78 = — 8 HF CE ccccccvcctccccvescece (4), 
performing on this the operation A, observing that AB.a=0, AB.B=1, we find 

Voy = fi 

Par + eApB.e noandEsaocc6 con0asacasecces (5 


which is the polar equation of a conic section, the origin being focus, e being the eccentricity, 
and ¢ perpendicular to the axis major ; for Af.e is the cosine of the angle which 3 makes with e, 
i.e. the cosine of the angle which the radius vector makes with a perpendicular to e. 
If we perform the operation Aa upon (4), we obtain 
dr 
ae eAa.e; 
Aa.e denoting the cosine of the angle which the radius vector makes with a perpendicular to the 
axis major. 
38. To determine the motion of the particle when it is acted upon by any disturbing force 
U in addition to the central force. 
In this case instead of the equation (1), we have 


oa CO COC een (0) E 
Treating this equation as we did (1), we find 


Di Nalin | ee 
dt 


and .°. ey) 


pes ID ie Oca bconecees ccocGo doo Dpedasocdaas ((/))- 


du 
for Du. ar =Prwry =hry, using h to denote rw. 


By integrating equation (7), we find h and y, and thus by integrating one equation we de- 
termine three elements of the orbit, for -y, being perpendicular to the plane of the orbit, determines 
both the inclination and the position of the node. 

If we integrate (7), after having performed the operation Ary on each side, we find 

h= fAy.(Du.U) dt. 
Now Avy.(Da.U) = AB. U*, 
hence, since w= 7a, we have : 


hair SB Udtprc. cea eeee (8), 


* For U=a (Ac. U)+B(AB.U)+y (Ay- U), 
and therefore performing successively the operations Da and Ay, we find 
Ay (Da.U)=Ap. U. 
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and from (7), we have 


2 7 [Du. SPICE SEs eee RRP i ree Al eee aN (3) 


(8) and (9) give h and vy separately. 

We may observe respecting these formule for h and yy, that A.U expresses the resolved 
part of the disturbing foree U in the direction (3, 7. e. perpendicular to the radius vector and in 
the plane of the orbit; and Dw. U is the symbol representing in magnitude and direction the 


moment of the Couple which transfers the force U from the point w to the origin. (See former 
Paper.) 


39. To integrate the equation (6) directly as we did the equation (1), we have only to take 
the same steps, (observing that h is now variable,) as follows, (6) becomes 


du» dp 
den at 
n dp 
hence, (integrating == — ; by parts), we have 
= =" B+ yi on gat + fUdt 
dt a : 
and therefore by (8), 
oh a B+ fT QB.V) Bat + fUdt oes. (10). 
dt h* 


This is the symbolical expression for the velocity of the disturbed body. To find the parallax, 
put in (10), 
du dr h 
de de** 7 
and then, performing the ices AB on both sides, we find 


Et Wp. ie (AB.U)B + uo} dt, 
which determines the Fares 


40. To determine the eccentricity and position of the axis major. 
We have seen, that when there is no disturbance, 


—="B+ee, 


assuming this equation to be still true, e and e being now variables, and comparing it with (10), 
we find 


ee T T 9 
dt = ae (AB. U yp PU te cote eenccvateenecata (12). 


Now e is the eccentricity, and ¢ is the direction unit of a line at right angles to the axis 
major in the plane of the orbit: hence, (12) or (11) determines at the same time the eccentricity 
and the position of the axis major. 

The Dynamical investigations just given are good instances of the nature of the Symbolical 
method here proposed. 

M. O’BRIEN. 

Upper Norwoop, Surrey. 

January, 1847. 


XXXVIII. On the Symbolical Equation of Vibratory Motion of an Elastic Medium, 
whether Crystallized or Unerystallized. By the Rev. M. O’Brien, late 
Fellow of Caius College, Professor of Natural Philosophy and Astronomy 
in King’s College, London. 


[Read March 15, 1847.] 


Preliminary Observations. 


Tue object of the following Paper is twofold; first, to shew that the equations of vibratory 
motion of a crystallized or uncrystallized medium may be obtained in their most general form, 
and very simply, without making any assumption as to the nature of the molecular forces; and, 
secondly, to exemplify the use of the symbolical method and notation explained in two Papers read 
before the Society during the present academical year. 


First, with regard to the Method of obtaining the Equations of Vibratory Motion. 


This method consists, first, in representing the disarrangement (or state of relative displacement) 
of the medium in the vicinity of any Ess ayz by the equation 
dv dv dv 
bo= Toes Toya Se ~ Sa + $B? + 
(where v=£a+78+y, En ( denoting, as usual, the displacements at the point wyz, and 
a By the direction wnits* of the three co-ordinate axes), and, secondly, in finding the whole force 
brought into play at the point wyx (in consequence of this disarrangement) by the symbolical 
addition of the different forces brought into play by the several terms of dv, each considered 
separately. It is easy to see that these different forces may be found with great facility, without 
assuming anything respecting the constitution of the medium more than this, that it possesses direct 
and lateral elasticity. By direct elasticity we mean that elasticity in virtue of which direct or 
normal vibrations take place, and by /ateral that in virtue of which lateral or transverse vibrations 
take place. 

The forces due to the several terms of dv are obtained by means of the following simple 
considerations :— 

Let AB be any line in a perfectly uniform medium, and conceive the medium to be divided 
into elementary slices by planes perpendicular to AB; 
let OM (=~) be the distance of any slice PP’ from 
any particular point O of AB, and suppose this slice to 
suffer a displacement equal to }ea* (¢ being a constant) 
im the direction 4B, and the eikes slices to be similarly 
displaced. Then it is evident that the medium suffers 
by these displacements a uniformly increasing expansion 
in the direction OB, and a uniformly increasing con- 
densation in the direction O.A, the rate of increase both of 
the expansion and condensation being ce. Now in all known substances, whether solid, fluid, or 


& 
= dady + &e., 
dady 


* i.e. Three lines, each a unit of length, drawn parallel to the three axes. 
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gaseous, a disarrangement of this kind would bring into play on the slice O a force along the 
line 4B proportional to the rate of increase ¢, i.e. a foree Ac, A being a constant depending upon 
what we may call the direct elasticity of the substance. 

Again, suppose that the slice PP’ receives a displacement $cw* in the direction OC perpen- 
dicular to AB, and the other slices similar displacements. Then the line AB will become curved 
into a parabola 4’OB’, and all the lines of the medium parallel to 4B will be similarly curved, the 


: 1 : : 
radius of curvature being equal to—, and perpendicular to 4B. Now in all known substances* a 
c 


disarrangement of this kind would bring into play upon the slice O a force in the direction OC 
proportional to the curvature c, i. e. a force Be, B being a constant depending upon what we may 
call the dateral elasticity of the substance. 


Lastly, suppose that MP = y, and that the point P of the medium receives a displacement cvy 
parallel to AB, and the other points similar displacements. Then the slice PP’ will, in consequence 
of this kind of displacement, turn through an angle tan~' (ca) into the dotted position, and the 
other slices will suffer similar rotations, those on the other side of O, such as QQ’, turning the 
opposite way. Now it is easy to see that a disarrangement of this kind produces a uniformly 
nereasing expansion in the direction OC, and a uniformly increasing condensation in the direction 
OC’, the rate of increase both of the expansion and condensation being ec. But the expansion and 
condensation here described are quite different from those previously noticed, since they are pro- 
duced, not by displacements parallel to C’C, but by lateral displacements, i.e. perpendicular to C'C. 
On this account all that we can assert without further investigation is, that the force brought into play 
upon an element at O by this disarrangement acts along the line C’C, and is proportional to ¢, i.e. 
equal to Ce, where C is a constant evidently depending in some way both upon the direct and 
lateral elasticity of the medium. 


There is, however, a very simple way of finding the precise value of the force brought into 
play by a disarrangement of this kind; for, if we turn the axes of w and y in the plane of the paper 
through an angle of 45°, it will be found, that this disarrangement is nothing but a combination of 
the two kinds of disarrangement previously noticed, and from this it immediately follows, in the 
case of an uncrystallized medium, that the force brought into play at O is (4 — B)e; in other 
words, the coefficient C, which must be multiplied into c in order to give the force brought into 
play by the disarrangement ewy, is equal to the coefficient of direct elasticity (4) minus the 
coefficient of lateral elasticity (B). 

In the case of a crystallized medium it may be shewn that siv relations, corresponding to 
the relation C= A — B, are most probably true, and are essential to Fresnel’s Theory of Transverse 
Vibrations; that is to say, the medium is capable of propagating waves of transverse vibrations, if 
these six conditions hold, but otherwise it is not. 


In employing the above considerations to determine the equations of vibratory motion, the 
directions AB and C’C are always taken so as to coincide with some two of the three co-ordinate 
axes, and it is this circumstance that makes the method peculiarly applicable to crystallized 
media. Indeed, if it were necessary to take the lines 4B and CC" in any directions but those of 
the axes of symmetry, the above considerations would not apply without considerable modification. 


The equations of vibratory motion obtained by this method for an uncrystallized medium are 
the well-known equations involving the two constants 4 and B. The equations obtained for a 
crystallized medium are perfectly free from any restriction of any kind, are applicable to all kinds 
of substance, whether we suppose its structure to be analogous to that of a solid, fluid, or gas, and 
hold for all kinds of disarrangement, whether consisting of normal, or transverse displacements, 
or both. 


* Fluids and gases possess lateral elasticity as well as solids, only in a comparatively feeble degree. 
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When we introduce the six relations between the constants above alluded to, and moreover 
assume that the vibrations constituting a polarized ray are in the plane of polarization, we arrive at 
Professor Mac Cullagh’s equations *. If, on the contrary, we suppose the vibrations to be perpen- 
dicular to the plane of polarization, we arrive at equations which agree exactly with Fresnel’s 
Theory in every particular +. 

If we introduce these six relations into the equations for crystallized media deduced from 
M. Cauchy’s hypothesis, that the molecular forces act along the lines joining the different particles 
of the medium, it will be found that these equations are immediately reduced to the equations for 
an uncrystallized medium. From this it follows that M. Cauchy’s hypothesis cannot be applied to 
any but uncrystallized media. In fact, it may be easily proved, that, if the equations derived from 


M. Cauchy’s hypothesis be true, a crystallized medium is incapable of propagating transverse 
vibrations. 


Secondly, respecting the use of the Symbolical Method and Notation above alluded to. 


Tue application of the Symbolical Method and Notation to the subject of vibratory motion 
is very remarkable, and leads to equations of great simplicity. In the case of an uncrystallized 
medium, the three ordinary equations of motion are included in the single symbolical equation. 

dv f¢ ai d? 1 d d d dé dn d¢ 
Ba 5 (Og yee ee eee 
Tan Naa age ae ( ) Sap t Bigg Mage apacatanre 


If we employ the notation Aw’.w, and assume the symbol @ to represent the operation 


d ogee d 
Sate dy ‘ds’ 


the equation of motion becomes 


— B(AD.D)v + (4-B) DAD.»; 


or, by using the notation Dw’. w also, it may be put in the form 
dv 


(2 = (ADAD - B(DBY 0. 


The symbol ¥ written before any quantity U, which is a function of wys, has a very 
remarkable signification; the direction unit of the symbol MU is that direction perpendicular to 
which there is no variation of U at the point wyx, and the mwmerical magnitude of WU is the 
rate of variation of U when we pass from point to point in that direction. 

The symbols AW.v and D¥.v have also remarkable significations. AW.v is a numerical 
quantity, representing the degree of expansion, or, what is called the rarefaction of the medium 
at the point wyx. D¥Q.v represents, in magnitude, the degree of lateral disarrangement of the 
medium at the point wyz, and, in direction, the avis about which that displacement takes place. 

These two symbols may be found separately by the integration of an equation of the form 
@U (— Ch Ofae Ok: =) 


dt® da? * dy’ de 


* Given in a Paper read to the Royal Irish Academy, December 9, 1839, p. 14. 
+ On this subject see a Paper by the late Mr, Greene in the seventh Volume of the Cambridge Transactions, p. 121. 
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When the six conditions above alluded to are introduced, the equation of motion for a crys- 
tallized medium becomes 


dv d d 
ap = (4g + eBay + As9 7 5) AD. 


pp.{(mi- 2B) a+ + (BS a a’ SF) p+ (ase wal 


dy “da 


Where 4, A, A; are the three coefficients of direct elasticity with reference to the three axes 
of symmetry, “i B, B/ B, B, B, B; the six coefficients of lateral elasticity with reference to 
the same axes. 

If the vibrations be transverse, this equation is reducible to the form 


dv Bea see 
£0 = - DD.) (Eat hnB +e) 
dv th i : 
or qa 7 (PB aAat+¥BAB+eyAy)?; orevescccces (A), 


assuming the vibrations of a polarized ray to be perpendicular to the plane of polarization. 
The well-known condition that a plane polarized ray may be transmissible without subdivision, 
and the expression for the velocity of propagation, may be immediately deduced from this equation. 
If we assume the vibrations of a polarized ray to be in the plane of polarization, the equation 
becomes 
dv 
dt 
The equation (A) agrees in all respects with Fresnel’s Theory, and the equation (B) includes 
Professor Mac Cullagh’s three equations. It is curious that (A) and (B) should differ from each 
other only in the order of the operations performed on v in the second member, 


= - DD.(@aha+ Bh BAB + CyAy) DB.e. 12. c..ccceeeees (B). 


Investigation of the Symbolical Equation of Vibratory Motion of an Uncerystallized 
Medium. 


1. Ler w(=aa + By + yx)* be the symbol of any particle (P) of an elastic medium in a 
state of equilibrium, v( = a& + Bn + yQ) the symbol of the displacement of the particle at any 
time ¢, w+ du (duw=ada + Bdy + ydx) the symbol of the equilibrium position of a contiguous 
particle (P’), and v + dv (du = adé + Bdy + 00) the symbol of the displacement of P’ at the 
time #; then we have 


1 dv vee _ Genes 
ov = bes bys Ss + <= ba? + ~<_ Sandy + &e ek Ieee (1). 
Cay 


This equation expresses ms plchaheak or state of displacement, of the medium in the 
immediate vicinity of P, for dv is the relative displacement of P’ with reference to P, and by 
giving different values to dw dy dx in (1), corresponding to the different particles near P, we find 
the displacements of those particles relatively to P. 

2. In consequence of the disarrangement of the medium in the vicinity of P, represented by (1), 
a force will be brought into play upon P; owr object is to find this force. 


Vor. Vill Parr LV. 3U 
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Now, by a well-known principle, the force on P resulting from the disarrangement 


ov = — 


n 


dv dv 
i oa + yoo &c., 


is the resultant (or symbolical sum) of the forces due to the separate disarrangements 
- dv dv d 
du = —da, dv =— dy, ye ahaa ee 
dx dy dz 


Hence, if we find the forces due to the several terms of the expression (1), and add them 
together, the resulting sum will express, in magnitude and direction, the whole force brought into 
play upon P by the disarrangement (1). This we now proceed to do. 


3. To find the force brought into play on P by the disarrangement, 
dw d 


E d d 
eae Gi sy yes 
Ov = ano" ase oat+f aa a Uae oa. 


d 3 : 
a 2 5@ represents a small line, proportional to dv, drawn in the direction a; therefore the 
wv 


disarrangement indicated by 


dé , 
Sri 
OOS Ia ee v 


is a uniform expansion of the medium in the direction a. This brings no force into play upon P. 


dy , ‘ A nae 
pB qa" represents a small line, proportional to da, drawn in the direction ; therefore the 
v 


disarrangement indicated by 


d se M N 
bv = Bde —— 


takes place as follows: Suppose the medium when at al 


rest to be divided into physical lines parallel to the 
direction a, let MN be any one of these lines, M being the point when it meets the plane per- 
pendicular to a containing P, and let MN’ be a line parallel to the plane of wy, making an 


dy : 3 : ; 
angle tan7! (=) with MN. Then the disarrangement consists 1n the displacement of the line 


a 


MN into the position MN’, and a similar displacement of all the other physical lines. This 
disarrangement evidently brings no force into play upon P. 


d 
The same reasoning applies to the remaining term vy ae oa. 
v 


4. Reasoning therefore in this way it is clear, that the disarrangement represented by the 
first three terms of the expression (1) brings no force into play upon P. 


5. To find the force brought into play on P by the disarrangement represented by 


dv . 
bu = 4, ba = 4 re (ak + Bn + yO) oe". 


La ax da* represents a small line, proportional to ja, drawn in the direction a; therefore 
a 


the disarrangements indicated by 


aE ye 
aes 


dv=ta 
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is a uniformly increasing expansion of the medium in the direction a, the rate of increase of the 
2 


aE 


expansion being ant: Hence, according to well-known principles, this disarrangement brings 


into play on P, a force proportional to de in the direction a, that is, a force whose symbol is 
da’ : 


2 


d : 
Aa as , A being some constant. 
a 


f a é Z : : 
Again, 4B = oa? represents a small line, proportional to dx*, drawn in the direction oe 
therefore the disarrangement indicated by 
dy 
6v=168 — da 
2 B dx 


is a curvature of the physical line MN (see Art. 3.), and a similar curvature of all the other 


physical lines, the symbol of the index of curvature - - 

(i.e. a line equal to the reciprocal of the radius of curva- ~~ ===" ——__. 

ture drawn towards the centre of curvature) being a Ses 
d’ y 
dae . 


Hence, according to well-known principles, this disarrangement brings into play upon P a 


f Hone tooo in thie divest hat is, a fi 
orce proportional to qa? in the direction 3, that is, a force whose symbol is 


d 


dy ; 
BB da? > B being some constant. 


In the same manner we may shew that the force brought into play by the disarrangement 


is represented by the symbol 


Hence the whole force brought into play by the disarrangement 
iv 

oa? 
ae 


= 
dv=4 


is represented in magnitude and direction by the symbol 


(=) {4ak + B(Bn + yO, 


or (5) tu — B) a& + Br}. 


rv 
6. To find the force brought into play by the disarrangement represented by 


dv & 
dudy dady = dady (a& + Bn + yQ) darcy. 


3U2 


ov = 
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Let «’y’ be co-ordinates referred to two new axes (a /3’) in the plane of wy, making respectively 


angles 45° and 90° + 45° with the axis of 2; then 


1 oes Sh 
ba = Sz a! - dy), bya on + dy’), 


(a 26% 6 em eee 


a V2 


Making these eer we find 


fa! we (E+n +P FH (n -&) + y Gh (6a - dy). 


ae iy 
Hence, by what has been already proved, the force brought into play will be 


aay (4 - By Fe(E +n) + (B- 4) B Fa(n- 8) + (B- B)y@ 


ECs 7, (BE +40. 


7. We may now write down the symbol of the whole force brought into play by the dis- 
arrangement represented by the expression (1), neglecting terms beyond “hose of the second order. 


roBi(z) + (a) +) } 


It mall be as follows, 


aa? aye Yas | 
+ (4-B) 2 & £ S 
Faadgne a) sagas ie gaan ene 


The coefficients of a, 8, y in this expression are the well-known differential formule for 
the three forces (parallel to the three axes) brought into play by the displacements &, y, ¢. 


The part of F which is multiplied by 4 — B, may be put in the form 
d d d—é dn d¢ 
le ee Pas Ae "doe ale 


Hence, the equation of motion of the medium (which includes the three ordinary equations) 


co 


assumes the following form, 
dv aN 2 dy? a2 dé dy _& 
Seale lee lie ze) aes aye 
dt® \ (as z dy 33 dz ors ) (a5. ee Vaz) \da tay" dz 


8. This equation may be put in a remarkably simple form zs the use of the notation Aw’. wu. 


Let us assume the symbol ¥ to represent the operation 
d d d 
dy Bere 
then, since v =a& + 3n+-y, we have 


AD. penal dae AS 


da’ dy’ dx 
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d\? d\* ane 
oa o.0-(2)+(2)+(2)) 
ey aes te * Nag any Nas 
Hence the equation of motion becomes 
& 
(7 BAD. D)v + (4- B) DAD.» ai a! Me (3). 


We may also put it in somewhat a different form by using the notation Dw’.w; for 


(AD.D)v - DAD. = - (DDY’. v*, 
therefore (3) becomes 
= EGA — BU DU Ns fl osscs. ae, teen ony: 


9. The symbol has a very remarkable meaning which we shall now proceed to explain. 


— denotes the rate of variation when w alone is varied, that is, the rate of variation im the 
@ 


direction a. To indicate this, we shall employ the notation d, instead of Fh i.e., if U be any 


x 
quantity which is a function of w« y x, and which therefore varies when we pass from one point 
to another of the medium, then d,U denotes the rate of variation of U, when we pass from point 
to point in the direction a. 

Now this rate of variation may be affected, like an ordinary velocity, with a sign of direction ; 
and it may be resolved or compounded in the same manner, and by the same rules, as an ordinary 
velocity. 


Hence, we may see immediately the meaning of the expression 
MU, or ad,U + Bd,U + yd,U; 


for ad, U is the rate of variation of U in the direction a, affected with its proper sign of direction a, 
Bd,U is the rate of variation in the direction 8, and yd,U in the direction -, each affected 
with its proper sign of direction, Hence, compounding these rates of variation as if they were 
ordinary velocities, it follows, that the symbolical sum 


ad,U + Bd, U + yd,U 
expresses, in magnitude and direction, the complete rate of variation of the quantity U. 


10. We may shew this differently as follows. 
Let a, 8, y, be any three direction units at right angles to each other; then it is easy to 
prove, that 


ad, + Bdg + 7,4, =ad, + Bdg + yd,> corsesecccesccececces (5). 
Let us now choose a, 8, y,, so that a, shall be in the direction of the normal to the surface 
dU =0, 


at the point wy =; in other words, supposing U to denote some disturbance or displacement of 
the medium, a, is chosen so as to be perpendicular to the surface called the front of the wave, for 
dU = 0 is evidently the differential equation of that surface. 


* For let «w and w’ be any two lines, and let a represent the Now Aw’. u’ =r?, and u’Au’.u=r'%aa; therefore 
direction unit of w’; then, if w’=7r'a, and w=aa+458+ecy, we have Du'.(Du'.u) or (Du')? .w=wAuw'.u-(Auw’.u')u. 
Du'.u=r' (by—cB), and... Du’. (Du'.w)=r'2 (— bp —cy). 
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a, being thus assumed, we have d, U = 0, d, U = 0, and therefore by (5), 
a d,U =ad,U + Bd,U + yd,U = DU. 


Now a, is the direction of propagation of the disturbance U, therefore d,U is the rate of 
variation of U in the direction of propagation, and ad, U is that rate affected with its proper 
sign of direction. 

Hence, the symbol #U expresses, in magnitude and direction, the complete rate of variation 
of the quantity U, that is to say, the direction of @U is that direction perpendicular to which there 
is no variation of U at the point wyz, and the magnitude of MU is the rate of variation of 7 in 
that direction. 


It is manifest, therefore, that the symbol has a very important signification, especially in 
investigations relating to the propagation of waves. 


11. Returning now to the equation (4) we shall, in the first place, interpret the meaning of 
the symbols AM.v, and DD.v. 


Let & 1, © be the resolved parts of the displacement v in the directions a, 8, y, respectively ; 
then, choosing (as we may do)* the direction ry, so that G = 0, we have 


v = Ea, ay n,B,> 


AD.v=d,é, 
DB .v = y/d,1,- 


Let OX and OY be the directions a, and 8, ry, being perpendicular to the plane of the 
paper; let O be the point (wyz) of the medium, POQ the ; 
line of particles which, in a state of equilibrium, lie in the | 
direction a,, and OT the tangent to POQ at O. Then since Lk 
OX is the direction of propagation, and since the disturbance __—__ = 
(v) consists of two parts, namely €, in the direction OX, and 
y, in the direction OY, it is evident, that dé, is the expansion 
(i.e. the degree of expansion, or, what is called the rarefaction) 
of the medium at the point O; also d,, is the tangent of the 
angle 7OX, and therefore measures the degree of lateral displacement of the medium at the 
point O. 


and therefore, since @ =a,d,, we find 


This lateral displacement consists in the rotation of the line OT' about the axis y,, and a 
corresponding rotation of all the other lines of particles which constitute the medium in the im- 
mediate vicinity of the point O, these lines being supposed to be parallel to OX in a state of 
equilibrium. Hence it follows that the symbol D¥.v represents, in direction, the axis round 
which the lateral displacement takes place, and in magnitude, the degree of lateral displacement. 

Thus it appears that the symbols AW.v and aDH®.v have a very important signification in 
investigations relating to the propagation of waves, the former expressing the degree of expansion 
of the medium at the point vyx, and the latter representing, in magnitude, the degree of lateral 


displacement at the point wyz, and, in direction, the aais about which that displacement takes 
place. 


12. Hence it is evident that the symbol A. v defines the kind of disturbance which constitutes 
normal waves, and D¥.v that which constitutes transverse waves. 


* a, is the direction of propagation, as in the preceding article, and y, is chosen at right angles, not only to <,, but also to the 
direction of vibration at the point xyz. In this case {, is clearly zero. 
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13. AW.v, and D.v may be found separately by the integration of a differential equation 
of the form 


GU ,(¢0 oe dU 
dea (az * ay dy’ + ast 
For performing the operation AB. on both sides of (3), and putting AD.v = U, we find 


< (AB.0) = BAD. D)AD.v + (4-8) (AD. B)AD.e; 


#U 


or, qp 7 4 (AB. B)U; 
and performing the operation DD. , and putting DD.v = UV, we find (observing that DD. D = 0), 
ad’U 
Ge = B(AD.D) U: 
d\? d\e 
; (zz)'+ () + Ge) 
a Sole dx a dy a5 dz 


hence, AW.v and DY.v may be found separately by the integration of an equation of the 
form (6), C being equal to A in one case, and to B in the other. 


Investigation of the Equation of Vibratory Motion of a Crystallized Medium. 


14. Wuen the constitution of the vibrating medium is crystalline, we may obtain a differential 
equation similar to that we have found for an uncrystallized medium, and by exactly the same 
method ; the only difference will be in the constants introduced, in regard to which we must bear 
in mind, that the elasticity of the medium is no longer the same in all directions, and therefore the 
constants 4 and B, which we may call the coefficients of direct and lateral elasticity respectively, 
will be different with respect to different directions. The method we have employed to find the 
force brought into play by a disarrangement of the medium requires us to consider this difference 
of elasticity only with respect to the three directions a, 3, yy, assuming that the medium is still 
symmetrical with respect to these three axes, i.e. supposing them to be the axes of elasticity. 


15. Hence, reasoning as in article (5), the force brought into play by the disarrangement, 


ov=1 fa oF bet +Bo aoe +y Soe st, 


§ d° 2 
will be eee 7 Opel 8 en (U), 
ly y 


A,, A,, As, being the coefficients of direct elasticity for the three directions a, (3, +. 
Again, reasoning as in the same article, the force brought into play by the disarrangement, 


= dy “. dy . ‘aC. PC 4, 
=i =— 08° a ai oo — Ww > 
dwn dla (Te “) +B (S38 + 1a") ty (Foe ay! 


will be 
a(a Fes a’) +8 (a li + BE") +4 (B.S + BSS)... 


B,, B/, B., B., &c., denoting the eeen of lateral elasticity for the three directions a, 8, y. 


We make a difference here between B, and B,’, because the disarrangements, 
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ane 


dz 


dé 
ue oy’, and da 


ta FB; 


are of a different nature, though they consist of displacements in the same direction a; for the 
former disarrangement consists in the rotation (7. e. the curvature) of physical lines parallel to 6 
about the axis y, and the latter of physical lines parallel to y about the axis 3. The same re- 
marks apply to B, and BJ, B,and B,. Fresnel virtually assumed that B, = BS B= BY B= Bae 


16. By reasoning as in article (6), we might easily shew, that the force brought into play by 
the disarrangement, 
& 


< dv 
es = ne = +0) de 
¥ aan Tn a y) dvdy, 


&E , &n 
Cc — G : 
B dudy ue dudy 
But we shall shew this somewhat differently, in order to find out what relation subsists (if any) 
between C C’ and the constants already introduced. 
Mise die foc eee 
The disarrangement a —~— 
dxdy 
Let OX and OY represent the directions a and B, and O the point (eyz); take OM =a, 
draw SMS" parallel to YY’, and PMP” making the tangent of the 
d’ 
dudy 


oaoy, is of the following nature. 


dw. Then it is clear that the dis- 


angle PMS equal to 


d* ; : , 
arrangement ee Swdy causes the physical line SMS’ to 
vay 


assume the position PMP’. In like manner, if ON = — da, and 
TNT is parallel to YY’, the physical line TNT" will, in con- 
sequence of the disarrangement, assume the position QNQ’, the 
angles QNT and PMS being equal. The physical lines (taken 
parallel to YY’) between S'S" and 7'7" will suffer similar deviations, the tangent of the angle of 
deviation being proportional to Oa. 


17. The effect of a disarrangement of this kind is obvious; for it produces a uniformly 
increasing expansion of the medium as we go along the line OY, and a uniformly increasing con- 
densation as we go along the line OY, the rate of increase both of the expansion and condensation 
being, as it is easy to see, 

Ohta 
dady 


The effect of this will be to bring into play upon the particle O a force in the direction OY 
proportional to this rate of increase, 7.e. a force whose symbol is, 


pone 


, C being some constant. 
dudy 


d*y , . ; 
andy dxoy brings into play upon O 


In like manner we may shew that the disarrangement 6 
a force whose symbol is, 


‘ dy 
ae dudy 


» C’ being some constant. 
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18. We may easily shew that the disarrangement 1a dowdy brings no force into play 
upon O; for it is perpendicular to the plane of the paper, and its nature : ee 
is as follows. Draw two physical lines QQ’ and PP’ through O equally ee | 
inclined to XX’; then in consequence of the disarrangement the lines OP 
and OP’ will become bent wpwards (i.e. upwards considering the plane _, a 3 
of the paper to be horizontal), and the lines OQ and OQ’ will be bent 
downwards; also the curvature of POP’ will be exactly the same as 
that of QOQ’, only opposite in directions. Hence the two forces 
brought into play on O by the curvature of the two physical lines PP’ Q 
and QQ’ will be equal and opposite ; and the same may be said of every 
other pair of physical lines drawn through O equally inclined to XX’. It is therefore manifest 
that no force will be brought into play on O by this disarrangement. 


19. Thus it appears that the force brought into play by the disarrangement, 


oR & rs! 
aap or ieay (af + Bn + yQ)dwey, 
ae d° yn 
F = ee Pia 
will be Mae a7, made 


Hence the force brought into play by the disarrangement, 


dv 
dzdx 


dady 


V9 
OT0V 


ov = 


ci 49 
Owoy * Tyas 8" + 


will be expressed by a symbol of the form 


ad ; & , & . 
dydx (C\ny +C, ¢8) oe dea ae (C.€a + C, Ey) Fe dedy (C8 +C, na) 


Ue pane ec ETS. 


20. Hence, collecting these three results, the general equation of vibratory motion will be 


igs U+U'+U" (8 

Sr A ERE LM ep RS Pore REE 8). 
21. We have seen that, in the case of an uncrystallized medium, the constant C (i.e. the 
* constant to which the different C’s in U” become equal when the medium becomes uncrystallized) 
is equal to d — B; in other words, C is the difference between the coefficients of direct and lateral 
elasticity ; and it is easy to explain how this is on simple mechanical principles, which appear to 
apply to a crystallized medium as well as to an uncrystallized, and which therefore will furnish us 
with certain probable relations between the coefficients involved in equation (8). These relations, 
as we shall presently shew, have a very important physical signification. 


22. Referring to the figure in p. 11, we may explain the physical meaning of the relation, 
C =A —- B as follows :— 

The disarrangement represented in this figure consists of an increasing expansion of the 
medium as we go along the line YY’, caused, not by direct displacements (i. e. displacements 
parallel to Y'Y), but by lateral displacements (i.e. displacements perpendicular to Y’¥). Conse- 
quently the force brought into play upon O by this increase of expansion will be modified by the 
lateral elasticity of the medium, which tends to restore the physical lines PP’, QQ’, &c. to their 
equilibrium positions SS", 7'7", &c. In fact the unequal expansion caused by the disarrangement 

Vor. VIII, Parr LV: 3X 
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is resisted, and, to a certain extent, balanced (so to speak) by the lateral elasticity, and therefore 
the unequal expansion has not its full effect in producing force upon O, but a certain part is spent 
upon the lateral elasticity. 

If there was no lateral elasticity the foree on O would be the same as if the displacements were 
direct (i.e. parallel to Y’Y), for then the unequal expansion would produce its full effect ; in other 
words the force brought into play on O would be 


<p 
A Wada ; 
ad 
dudy 

To find the force actually brought into play upon O, allowing for the lateral elasticity, we 
must diminish this force by a certain quantity depending upon the lateral elasticity, which quantity 


observing that the rate of increase of the expansion of the medium as we go along Y’Y is 


must of course be proportional to It is clear therefore that the force actually brought into 


dudy 
play upon O is expressed by a symbol of the form 


C3 -B 


P being a certain constant depending upon the aie elasticity. Art. 6 shows that P= B. 
This evidently explains the physical meaning of the relation, C = 4 — B, for this relation 
dé 
dady 


indicates that the force brought into play by the disarrangement a éawdy is, not the force 


Ae , which is the force due to the full effect of the unequal expansion, but the force 
(A — ht) Fae ae 5 which is equal to the former force diminished by a quantity depending on the 


lateral oe and proportional to the rate of increase of the expansion. 


23. From this explanation of the meaning of the relation C = A — B, it is very probable, 
I think, that a similar relation holds when the medium is crystallized; for it does not seem essential 
to this explanation that the medium shall be perfectly uniform in all directions; all that seems 
really necessary is, that the medium shall be symmetrically arranged with reference to the two axes 
XX’ and YY’. We must take care, however, in applying this explanation to a crystallized medium, 
to give A and B their proper values, namely A, and B,; for by A is to be understood the coefficient 
of direct elasticity in the direction OY, that is A., and by B the coefficient of lateral elasticity 
brought into action by the unequal rotation of physical lines parallel to OY about the axis of z, 
that is B, (for B, is the coefficient of lateral elasticity for the ewrvature of such lines about the axis 
of x). Hence the relation, C = A — B, transferred to a crystallized medium, is C; = 4, — B,, and 
therefore, writing down this relation for the six C’s in the expression U”’, we have the following six 
relations, viz. :— 


G2 A, SB: CSA ae spe a 


CE = A, - By Cx = A, = BS on = As = BY --(9). 


24. We shall now shew, that, if these six relations hold, the forces brought into play by any 
system of transverse vibrations constituting a single wave, are always perpendicular to the direction 
of propagation of the wave ; but if these relations do not hold, the forces will not be perpendicular 
to that direction. In other words, we shall shew that these six relations are essential to Fresnel’s 
Theory of Transverse Vibrations. 
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If we substitute in (8) the values of the C’s given in (9), we find the following value of U”, viz 


due da (+ +S)+ 4p (T+ =) + feral z) 


Bony + B/ CB) - =~, Baba + B/E) - ity (BEB + Bn), 
and therefore (8) becomes 


ae (405, + ABE +A 


dt? dw ieee 
+B (03, ni) ood -v3)e 
die aiid 
da 
d 
dy 


a 24) 


ae hv ‘ .. (10). 
a led -rd)tom (0d 2) 
i ABs Meiida ein dived Cagan 


ae 


de wud Be 
+ Bs (v7 - ¢Ge) ant (7 


d d 
By using the notation in Art. 8, &c., and observing that Ce e— as =DD.+y,a = Ti 
y © ai 


= - DD. B, &e. &c. the equation (10) becomes 
dv d 
ce (40— + + 4B gy + Ay £)\aD. v 


+DB.} (2,32 - BY +) a+ (Bo a = By “!) B+ (2 pas "as ) | 


d ‘dy " da. 


ee (iy: 


For transverse vibrations we have A ¥.v = 0, and therefore, 


Gp PD. A(a 2 - BS) a + (a ae _ py ae \a (ag-a2)y i (12). 


Now Du’ .u is the symbol of a line perpendicular to wu and uw; hence (12) indicates that the 


2 


dv, ; tere a : } 
force dé is perpendicular to the direction of D, and that direction, as we have seen, is the direc- 


tion of propagation. It follows, therefore, that if the relations (9) hold, the forces brought into 
play by transverse vibrations are always perpendicular to the direction of propagation. 


25. We shall now shew that this cannot be the case except the conditions (9) hold. 
If the conditions (9) do not hold we must add to the second member of (12) an expression of 
the form 


ints (E\ny + ECB) + isda ee” (a + Eéy) eda ieag oe + Ej na) = V, suppose 


TOR ORS TOROS TOR a OR oe the unknown corrections to if made in the second members of the 
relations (9). 


Performing on V the operation A¥., we find, 
a dyn dQ a dg dé a dé 
NR fe oe 2 E, E; E 
= ==! get Bae | * aaa | dx” + Exe. ey ail dy 3). 
Now, if the second member of (12) + V is perpendicular to the direction of @, the same must 
3X2 
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be true of V, and therefore ABD.V must be always zero, Consequently AW.V must be zero in 
the particular case where ¢ = 0, and € and » are functions of w and y only, in which case we have 


@ de dn 
V= — | E— — 
AD dady ( “dy ite =) 


-{2(a) = Gy} 


+s d— dy d¢ 
observing that Te ae da fe Fail = 0) =0. 
That this expression should be always zero evidently requires EZ, and E, to be each zero; and 
in the same way we may shew that the other #’s are each zero. 
Hence, it appears, that the forces brought into play by transverse vibrations are not perpen- 
dicular to the direction of propagation, except the conditions (9) hold. 
These conditions are therefore essential to the truth of Fresnel’s Theory of Transverse Vibrations. 


26. Hence it follows that (12) is the most general form of the equation of vibratory motion, 
when the transmission of a wave of transverse vibrations through the medium in every direction is 
possible. 


27. Experiment shews that the six constants involved in (12) are reducible to three in the case 
of ordinary Biaxal Crystals; for it appears, that, when the plane of polarization of a ray coincides 
with the plane a/3, the velocity of transmission in the direction a is the same as that in the direction 
B. Now, first, let us assume with Fresnel, that the vibrations are perpendicular to the plane of 
polarization (af); then, for the directions a and (3 the equation (12) becomes, in each case 
respectively, 


dt d dav de di 
d’ d : F 
and os) = Dp ae Bi 3 a), or es = By oS. 
Hence, if ¢ denote the common velocity of transmission in the two directions, we have 
Tie hp fet 
In exactly the same way we may shew, that 
B, = B=, 
B; = Bs = 0%, 


where a is the velocity of transmission in the directions 3 and vy of a ray polarized in the plane 
Bry, and b the velocity in the directions ry and a of a ray polarized in the plane ya. 
Hence the equation (12) becomes 


dv d d d d d d 

ee = Divas Say DE 2 ie Og eee 2 po ee 

dt? ae (v dy Ba)E+? (« dz | oe (2 dx “ay ) 
a’ Ap 

or = = -(DD.)(WéEat nfs + &Cy)s 


Suck tweens ee): 
or ——- = -(DD.)*(@ada+ UV BAB + yA)» 
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If, however, we suppose that the vibrations of a polarized ray are in the plane of polarization, 
we may shew as above, that 


Bee, 
B, = 1 = B, 
B,= B! =e, 


and therefore (12) becomes, 


Pv » (dn d¢ 2 (26 dé 2(4E = 
ee Ee ara Mage ay) lags aa 
av 


Or Fa = —- DD. (@ahat+BBAB + Cy Ary) DB. v.....0c-ceeecerees (14). 


Cc 


t 
28. Taking the equation (13), we shall now find under what circumstances the force 4é 
dt: 


is in the direction of vibration. 
Let us choose a, 3, y, as in Art. 10, a, being the direction of propagation, and £3, that of 
vibration ; and let v= 7,3. Then, as in the article just referred to, we have D = ad,. 
at dv f feu): ; dv dv . 
Now, the condition that the force ar ae be in the direction B, is Ay, Ti 0 (for aa 


already perpendicular to a, and this condition makes it perpendicular to -y, likewise), or by (18), 
Ay,.(Da)’.(@adka+ BAB + ery Ay)B, = 0. 

But, by the general proportions of the notation D and A, we have Ay,.Da,.= AB,., and 

therefore Ary, .(Da,.)’ = AB,. Da,.= - Ay,.. Hence this condition becomes 
a’ (Aa.y,) (Aa. B) +B (AB.7) (AB-B) + P(Ay-¥) (Ay-B) = 0 

This is the well-known condition of Fresnel that the force brought into play by a transverse 

vibration may be in the direction of that vibration; for 
Aay,= cos (ay,) Aa.B, = cos (aB,) &e. &e. 


To find the velocity of propagation in this case, we have, performing the operation A, on 
both sides of (13), 


2 


ae = fa*(Aa. 8) + B(AB.B)? + & (Ay-B)} 4.20,» 


and therefore the square of the velocity of propagation is 


a’*(Aa. 8)? + P(AB. B)? + &(Ay.B,)’; 


which is Fresnel’s expression. 


29. We may treat the equation (14) in exactly the same way. 
M. O'BRIEN. 


Uprrr Norwoop, April, 1847. 


XXXIX. A Theory of the Transmission of Light through Transparent Media, 
and of Double Refraction, on the Hypothesis of Undulations. By the 
Rev. J. Cuatuis, M.A., Plumian Professor of Astronomy and Experimental 
Philosophy in the University of Cambridge. 


[Read May 17, 1847.] 


Ix a former communication to this Socicty, I ventured to advance a new Theory of the 
Polarization of Light, founded on a Mathematical Theory of Luminous Rays. (Cambridge 
Philosophical Transactions, Vol. vit. Part 111. pp. 361, and 371.) As the Theory was not then 
applied to the phenomena of Double Refraction, I propose in this Paper to attempt to give it 
that extension. ‘The course of the reasoning will require a general consideration of the transmission 
of light through transparent media. I shall therefore commence with this part of the subject. 


1. It will be assumed that the ether is of the same uniform density and elasticity within 
any transparent medium as it is without; and that the diminished rate of propagation in the 
medium is owing to the obstacle which its atoms oppose to the free motion of the ztherial particles. 
Considering the proximity of the atoms to each other, and that the retarding effect of each atom 
at a given instant, extends through many multiples of its linear dimensions, it is presumed that 
the mean retardation, though resulting from the presence of discrete atoms, may be regarded as 
continuous. It will also be supposed that the mean effect of the presence of the atoms is to 
produce an apparent diminution of the elasticity of the ether, the motion in all other respects 
being the same as in free space. Let a = the velocity of propagation without the medium, 


and — =that within. Then, p being the density in a line of rectilinear propagation, at a point 


i 
: Pke, ; : dip 
distant by # from the origin, the effective accelerative force = — os If there were no 
ia pdx 
: : a’dp : 
retarding effect of the atoms, the accelérative force would be — F Hence, the accelerative 
pda 
2 1\ dp : 
force of the retardation (22) is equal to a (1 ee eras For this force another expression may 
2) pdi 


be obtained by the following considerations. If v be the velocity of the ether at the time ¢ at 
the point whose co-ordinate is 7, we have by known equations, 
a a 
v = — Nap. log. p = (<+-2). 
eee p : 


Now the accelerative force of the retardation at a given point must vary conjointly as the 
number of atoms in a given space, that is, as the density of the medium, and as the effective 
accelerative force of the «ther at that point. Hence, K being a certain constant, and @ the density 
of the medium, 


= ne very nearl 
os Fin ees y- 
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Consequently by the foregoing equations, 


a 
Re Ke. EE i, St 
“de we pda 


Comparing this expression for # with the former, we have 


weg! rel 
a (1 -*) oe tS Raver eer or w2-1= Ko. 
aw) pdx pe pdx 


2. Hitherto we have supposed the atoms of the medium to be absolutely fixed. If, as it is 
reasonable to suppose, they are moveable by the mechanical action of the ztherial vibrations, the 
retardation produced by them will differ from that obtained above. Assuming the mean effect of 
the presence of the atoms in this case also to be an apparent diminution of the elasticity of the 
zther, the accelerative force of the retardation will vary as the density of the medium and the 
difference of the effective accelerative forces of the zther and the atoms at a given position. That 
is, if v’ be the velocity of an atom, where the velocity of the vibrating «ther is v, we shall have 


d dv’ \ 1 
R=-Ko (> - i =) » very nearly. And, as before, R= a (: _ =) 342: = — (uw - 1) = 
C 


dt dt a pdx 


: ; dv d < 
Hence, putting g for the ratio of to = , it follows that p?- 1 = AKed(1 — q). 


3. Since the retardation will be less and the velocity of propagation greater when the atoms 
are moved than when they are fixed, « will be less in the former case than in the latter, and 
consequently q is a positive quantity. As it is known from experience that the rate of propagation 


of light in a given direction in a medium, is uniform and independent of the intensity of the light, 
Uy 


: v z : 
the ratio of; to oF. must be the same at different points of the same wave, and the same also 


for vibrations of different magnitudes, if the breadths of the waves be given. But to account for 
the phenomenon of dispersion, gq must be a function of X the breadth of the wave. For our 
present enquiry it is not necessary to ascertain the form of this function. It is only necessary to 
assume that in crystallized media q is different for different directions. The theoretical reason for 
this probably is, that the retardation depends on the elasticity of the medium, and that the elasticity 
of crystallized media, and consequently the mobility of their particles, depends on the direction. 


4, What has been said above respecting the transmission of light through transparent media, 
will suffice for the consideration of the theory of Double Refraction, on w oh I am now about to 
enter. It will be assumed that in any medium which does not retard the progression of the 
luminous rays equally in all directions, there are at least three directions at right angles 
to each other, in which the retardation will take place in the manner hitherto supposed. Let 
a, b?, c? be the constants of elasticity for plane waves in these three directions, and let a be the 
velocity of the waves in free space. Then, q,, 92, gs, being the values of q for the same directions, 
the time of vibration being given, we have, 


a a “ 2 
=1+K8(1-g), F=1+K8(-G), =1+ Ke - 4). 


‘ ‘ ‘ 


5, When an atom of the medium is displaced in one of the three rectangular directions above 
mentioned, the direction of displacement coincides by hypothesis with the line of propagation of the 
waves. Although in general this will not be the case, waves may still be propagated in all directions 
in the medium. For supposing plane waves of given breadth to be propagated simultaneously in 
the three rectangular directions, (which may be called the axes of elasticity,) the resulting effect on a 
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given particle of the «ther, according to the principle of the coexistence of small vibrations, may be 
4 vibration in a certain resulting direction, of the same period as that of the component vibrations. 
Consequently waves which would produce the same vibration of the stherial particle may be pro- 
pagated in that direction. But the displacement of the atoms of the medium does not necessarily 
take place in the same direction. If this displacement be resolved in two directions, one coinciding 
with the direction of vibration of the ztherial particles, and the other perpendicular to this, the 
resolved part of the displacement in the latter direction, will give rise to etherial vibrations which 
will be propagated laterally and produce no sensation of light. With reference to phznomena 
of light, the other part alone requires to be taken account of. The above considerations will 
enable us to determine the effective elasticity in any direction in the medium, in terms of the 
elasticities in the directions of the axes. 


G. Let v be the velocity of a particle of the zther, the vibrations of which are due to waves 
propagated in a direction making angles a, 8, ry, with the axes of elasticity; and let v’ be the 
resolved part in that direction of the velocity of an atom of the medium situated where the 
velocity of the ather is v. Then by Art. 2, the accelerative force of the retardation is equal to 


Ly’ 1 
- Ké =~ a)? or -K3-g—. 


If now the velocity v be resolved in the directions of the axes, the accelerative forces of retardation 
corresponding to the resolved parts of the velocity will be, 


d 
- KS(1 - q) cosa 


ki dv zi dv 
ae -K6d( — q) cosB -K0Q SPOOR eee 


And by the considerations in Art. 5, the accelerative force of the retardation in the given direction 
of propagation, is equal to the resultant of these forces. Hence 


dv -y adv 2 
—-Kd(-4q) rials Ko. §(1 —q,) cos’ a + (1 — q) cos’ B + (1 — qs) cos’ y}. 


Let now 72 be the constant of elasticity in the direction of propagation. Then by the equations in 
Art. 4, we have, 


2 2 x ae _ a 
“-1=Ki(1-9q) “-1=Ks(1-4@), —-1=Kd(1-@), —-1=Kés(1-4@), 
r a,” b* Cn 


Hence, by substitution in the foregoing equation, 


2 2 9 


< : ls ') S \F 1) ne iS :) ‘ 
——1=([—-1]| cos*a + |— —-—1)] cos’?B+ | — —1}] cos’y. 
RS a? b? c. Y 


Consequently, 


1 cos?a- cos’8 cos’ 
5 = 5 a aE 5 
r a? b? c? 
The surface of which this is the equation in polar co-ordinates, may be called the surface of 
elasticity. It is evidently that of an ellipsoid. The radius vector r, represents the velocity of 


propagation of plane waves in any direction coinciding with that of + 


7. We have now to find the velocity of propagation in a filament of the ether corresponding 


to a ray of light. In considering the motion in a filament of a medium the elasticity of which 
varies with the direction, I shall proceed in a method analogous to that employed in my Paper 
on Luminous Rays. (Camb. Phil. Trans. Vol. v1. Part 11. p. 365). It will be supposed that 
in the filament there is an axis of no transverse velocity. This is taken for the axis of x. The 
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condensation at any point of the filament is assumed to be @, (x, 4) x f(«, y), which for shortness 
sake, will be written @,f, p, being treated as a function of z and ¢ only, and f as a function of 
wx and y only. Let p be the density, and ~, v, w the components of the velocity in the directions 
of the axes of co-ordinates, at the point wy, and at the time ¢. Also let a”, b”, ce” be the co- 
efficients of elasticity in the directions of the axes of a, y, z respectively. First powers only of the 
velocities w, v, w, and of the condensation p —1 will be taken account of. This being premised, 


we have, 
(3) a*dp _ 4, om 
dg) 30 pda ; 
a pom p da’ 
eh 
and to the first approximation, 7" = a", F, = Hence, 


n» af 
u=-a"— [pdt+C, 
FP Sued 
the arbitrary quantity ¢ being in general a function of w, y, and x. So also 


te df ‘ 
y= — b> — dt CZ 


dw ‘2 
Again, since (FF) tee - , we have to the same degree of approximation, 
Pp = 
dw “ — ro (OP i » pd l[p,dt i 
= = ; d = = —- dt =—cC* ee S 
ori fic and w c ff de ttt Cc Cut ae C 


But from the supposed law of condensation in any plane perpendicular to the axis of x, it follows, 
that the accelerative force parallel to this axis at any point of the plane, must to the first degree 
of approximation, be equal to f x the accelerative force at the point of intersection with the axis, 


and the corresponding velocities must be in the same proportion. Hence, a being the velocity 
x 5 


at the point of intersection with the axis, we shall have 
do ‘ 2 77 
w=f aa Consequently — ¢ [pat = ¢, and C” = 


Assuming now that C and C’ are each equal to zero when @ = 0, we obtain, 


emieas be af 
“= Pan? and p'= =: Pay Hence, 
ae df dp 
dx+vd de = 5. Sav —d — dz. 
ude +vdy+w 7 Ut ie ay UE ia 
In this case udxw + vdy + wdz is not an exact differential. Let a =h, and = —=; = /, and suppose 
Cs 


1 1 
that f= F'. F.!, the function F, containing # only, and the function F, containing y only. By 


this supposition, a factor which will render the above quantity an exact differential may be found, 
which, though not the most general, will suffice for our present purpose. By differentiating, 
df 1 aF, df 1 dF, 
fdxe hF, dv’ fdy UF, dy” 
Vor aVlll. Parr LV. Svs 


528 PROFESSOR CHALLIS, ON THE TRANSMISSION OF LIGHT 


ef heey + PINGE: im 


Hence, udaw +vdy + wdz= 


F, dx F,° dy 
es Be 
= F/R! {(F,.— oP az} 
be a 
= FEO tide Rake: 


. ° = 1=+ . 
Consequently the required factor is F, “.F, ‘; and the differential equation of the surface 


cutting at right angles the directions of the motion, is d. FL F.p=0. If p=0, be the equation 
of this surface, we have =F, + a function of ¢- We may now proceed to find a value 


1 1 : see re 
of a se R’ the sum of the reciprocals of the principal radii of curvature of the surface at any 


ele ‘ 1 ; 
point, by substituting in the general expression for — + =, Viz., 


as 3 
; les dy — (q+ dy eo dy dye dy dy ) 


da® dx dy dy 
yay ay dv dy. @y dp dy , dy dy dy 
de dx*  “dady da dy  dadz da’ dz dydz* dy dz 


12 dw 1-7 eas dy 


.u, and aa F, .v; and therefore ae 0 if w=0, and 
: av 


da? * dy ' dx) \da* dy? | dx) da®*' de® dy’ dy’ 


dy dvr dv 
ne + uz + Ma 
dx dy dz” 


i 
Now a Er, °F 


av 


1 1 5 
A —-0 ifv=0. As we shall require the value of R + 7 only for points where %=0 and 


: : dy dy 
» = 0, we shall suppose in the general expression that ee oO and 7 = 0, Hence 


ae dy @F, @ F, 
eu Fie cele 
tes * ay Fa ag 1 Pag 
Laas - 
RR =a jp ate 
dx x 


Taking now the equation (3) obtained in page 365 of the Paper on Luminous Rays, and sup- 
posing it to apply to any point of the plane perpendicular to the axis of x in which w= 0 and v = 0, 
we shall have, neglecting small terms, 


& LP =e! ng FIP JP =0, which, for the reasons given 
dt’ dz i 


in the Paper just cited, it is required to be, we must have 


ae G i z) pale? ee 


That this equation may be of the form 


2 
ESP st of ac? (1 +h). 
dz 
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d 1 @? 
Hence, e (3 + =| =f “f: and by substituting the value of = + 7 obtained above, 
dp dF, dhe 
age Fe a Fay) 

rp 


For a point on the axis of z this equation becomes Te + np =0, the constant n” being 
= 


2 2 
such that if X be the breadth of the waves, » = sil Hence, substituting — n° for os in 
the foregoing equation, the result is 

dF, dF, F 
+ kn = 0. 


See 
Fidx®  F,dy’ 
i i 
By taking account of the equality f= F,". Fs‘, we obtain by substitution in the above 


cuit” pe ds -BeaeardP 1iG=1ar 
harraae Aage j apo ra ag es 
If now for the same reasons as those given in p. 369 of the Paper on Luminous Rays, the 
terms involving = and a be neglected, we have, finally, 
eee 1. + kn'f =o. 


The general result from this course of reasoning is, that a ray of which the condensation in the 
transverse direction is detined by a function of w and y, which satisfies this equation, may be 
propagated in a medium whose elasticity varies with the direction of propagation. The reasoning, 
however, only applies to a function of # and y, which is the product of a function of w and 
a function of y. It is evident that f cannot be a function of a + y’, and, consequently, that the 
ray cannot be one of common light. 


8. It is found by experience that a polarized ray may be transmitted in certain transparent 
crystallized media. I shall assume that in these media the retardation of the propagation produced 
by the presence and inertia of the atoms, is such as corresponds to an apparent diminution of the 
elasticity of the ether, different in degree in different directions. I shall assume also that there 
are three rectangular axes of elasticity, and that, in accordance with the result contained in 
Art. 8. of this Paper, the surface of elasticity is an ellipsoid. On these suppositions the ray 
cannot be one of common light, because the effective elasticity is different in different directions 
transverse to the axis of the ray. But the suppositions are consistent with the transmission 
of a polarized ray. For according to the Theory of Polarization contained in my Paper in the 
Camb. Phil. Transactions, (Vol. vu. Part 111. p. 372), the condensations for a polarized ray must 
be disposed symmetrically with reference to two planes at right angles to each other passing 
through the axis of the ray. Consequently the force of retardation and the effective elasticity 
must act symmetrically with reference to two such planes. And this will evidently be the case: 
for any section through the centre of the surface of elasticity is an ellipse, the radii of which 
drawn from its centre, are symmetrically disposed with reference to its axes. It is possible that 
the function f for a polarized ray may be such as that supposed in the preceding Article, 
namely, the product of a function of .v and a function of y. All, however, that can be affirmed 
respecting this function from the reasoning in the Paper above referred to is, that for small 
distances from the axis of the ray, it is a function of one co-ordinate only, the axis of w and y 


3Y¥2 
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being supposed to be in the planes of symmetry. Let, therefore, in the last obtained equation, 
f be a function of # only. Then, 


ef kn 
dit, poe 
Now in the Paper on the Polarization of Light, (p. 373), the particular value of f for a polarized 
ray was found to be cos n \/ka. By substituting this value in the equation above, we obtain 
the equation of condition h=1, or a’ =e”. It would appear therefore that a polarized ray 
cannot be transmitted in the medium, the transverse elasticity being different from that in the 
direction of propagation, if the velocity of propagation really be ec", or ¢4/1+hk. For the 
transmission of the polarized ray it is necessary to suppose an alteration of the rate of propagation. 
This may be conceived to take place as follows: First, suppose h = 1, and a polarized ray in which 


20 —— 
the breadth of the waves is \, or ees to be transmitted with the velocity ce’ /1+kh. Then 


suppose the elasticity in the direction of the plane of polarization to be altered from e” to a”, and a 
polarized ray to be still propagated. By hypothesis the nature of the medium is such as to allow 
of this taking place. Now as f, and consequently the transverse section of the ray, do not alter 
by the supposed change of elasticity, the only way in which the condensation can be altered is 
by a change of \. The time of vibration of a given etherial particle remaining constant, the rate 


of propagation will be altered in the same ratio. Let therefore f = cos n’ ka, and let X’ be 


the new value of X. By substitution in the foregoing equation, we obtain the equation of 
condition 


12 , , 


ne n r 
N° =—= a Hence — 9) Ole 
h a” n r 


c 
a 
and the velocity of propagation 


edVtthxs =0'Vv Pipa Saini 
c 


The foregoing reasoning involves the inference that the rate of propagation of a ray in a medium 
is not solely due to the effective elasticity in the direction of its axis, but is affected also by the 


circumstance that the medium is incapable of transmitting any but a polarized ray, and that 
for such a ray & is a constant. 


9. We are now prepared to find the equation of a surface, the radius-vector of which 
drawn in any direction from a fixed point, shall represent the velocity of propagation of a ray 
in that direction. As we found the velocity of propagation to be that due to the elasticity in the 
direction of a line drawn perpendicular to the axis of the ray in the plane of polarization, the 
process will evidently be the following. Cut the surface of the ellipsoid of elasticity by a plane 
perpendicular to the direction of propagation. The semi-axes of the section will be the radius- 
vectors in that direction of the surface required. Let a, 6, c¢ be the semi-axes of the ellipsoid. 
Its equation in rectangular co-ordinates referred to the axes and the centre will be 


See = ih 


Let the directions of the rectangular axes be changed by substituting for #, y, and x the 
following values : 
w=aa +By +°%, 
y = a av’ ave By’ ft y' > 


Le, 


a’ a a B y + "3's 


x 
Il 
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and in the result make x = 0, in order to obtain the equation of the section. This equation 
will thus become 
(axv’ + By’)? : (a x f Byy Bs (a” a" es B’y'y ; 
a b° é far 
Supposing in this equation a and y’ to be referred to the axes of the section, and r, r 


be the two semi-axes, we shall have 


to 


1 imac sat 
FS ae ar gaa 
Sey ad Ph cl 
Pig tet es’ 
'aQr ” au” 
airrpeldanal seals 
6° ¢ 


The equation of the surface, the radius-vectors of which in a given direction are r and r’, is 


consequently the following : 


rete Tie 5 ce ere Bb ce 
1 1 a a 2 fete. 12 "2 412. 2aQ2 12 (Qr2 2 (Q2 29/2 i, '2 Qe 
pee eet een ee Oey oP eee 
rr a & ce a bt c’ ah 
ac} 2 a a’(3"” "2 B” ai 
Ce Be 7 


By combining with this the equations 
a +8 +7 =1, 
a? + (e¥- 3 y” a 
a? + 3? +" 
oneness ie 
a b fhe d 


il 
~ 


we obtain, 
Dy ee tea wie GF =P! ee BY 


“eb ee Re 


Again, from the equations 


2 


a +a” ia — ei 
Bae. th = 3, 
yty? ty” =1, 
aBb+ a [3 + a’ B" = i) 
we have, 
oe 4°87 + 20fa'f' = a8" =(1-a'-0 0 - 6-8 
=1-a- 3’ - a?- B® + 0° + aR” + a’ B® + 0°. 
Hence, 0=y-a*- B’+ (af - Ba’); 
or, (af' - Ba’)? =a? + B® -y=1-y - Y= 7" 
so (aB” -—a’ BY =+y", and (a 3” — a’ B')’ = 7’. 
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The equation consequently becomes 


P iP io 2 12 2 

1 os pes eS a x Y Ya 
=> SS = af ——= 45 — + sss t ss tae = - 
ro a b° c TA GE PO 


2 


Transforming it into rectangular co-ordinates by putting a” for ry, y? for r? ry, & for ry”, 
and w + y’+2° for 7°, there results 


2 


sees a =0; 


sani pth 
ee ae be 


2 


a + (a + oy + 27) ( 


or, (a + y+ 2°) (aa? + by? + cx”) —a°b? (a? +’) — @e (a? + 2”) — Pe (y’ + 2”) + be = 0. 


This is the equation of the wave surface in Fresnel’s Theory of Double Refraction. It is very 
remarkable that principles and reasoning so widely different from those of that Theory should have 
led to the same result. It is needless to go farther in the investigation, as all subsequent deductions 
may be made in the same manner as in the received Theory. 


10. In conclusion, I beg leave to refer to an objection which may be raised against the 
Theory of Polarization which I have brought forward. It may be urged, that as a wave is 
conceived in this Theory to be composed of a vast number of rays in the same phase of vibration, 
the transverse vibrations of the different rays will mutually destroy each other, leaving only the 
direct vibrations, which by hypothesis do not produce the sensation of light. To this it may be 
replied, that it is only the awis of a ray which can be considered as subject to the law of 
refraction ; for the motion of the etherial particles along the axis is rectilinear, and coincident in 
direction with the line of propagation, while at every other part of the ray the direction of the 
motion of a given particle is continually varying, and is generally not coincident with the line of 
propagation. Admitting the independent motion of each ray, it is possible that by refraction 
through the eye, the directions of the axes of different rays may be brought to pass nearly through 
the same point of the retina, in obedience to the common law of refraction, while the separate rays, 
not being subject in other parts to this law, may not be altered as to the diameters of their trans- 
verse sections. The constancy of the transverse section is, in fact, a necessary consequence of 
a supposition already made in the course of this Theory, namely, that the quantity # is a fixed 
numerical quantity, the same for rays propagated in media as for rays propagated in free space. 
As, however, I am not at present provided with the means of ascertaining the nature and value 
of that quantity, this part of the subject must be considered as open to further inquiry. 


J. CHALLIS. 
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XL. On the Critical Values of the Sums of Periodic Series. By G. G. Stoxes, M.A., 
Fellow of Pembroke College, Cambridge. 


[Read December 6, 1847.] 


THERE are a great many problems in Heat, Electricity, Fluid Motion, &c., the solution of 
which is effected by developing an arbitrary function, either in a series or in an integral, by 
means of functions of known form. he first example of the systematic employment of this 
method is to be found in Fourier’s Theory of Heat. The theory of such developements has 
since become an important branch of pure mathematics. 


Among the various series by which an arbitrary function f(«) can be expressed within 
certain limits, as 0 and a, of the variable w, may particularly be mentioned the series which 


F : Te : j J I 
proceeds according to sines of —— and its multiples, and that which proceeds according to 
a 


cosines of the same angles. It has been rigorously demonstrated that an arbitrary, but finite 
function of w, f(v), may be expanded in either of these series. The function is not restricted 
to be continuous in the interval, that is to say, it may pass abruptly from one finite value to 
another; nor is either the function or its derivative restricted to vanish at the limits 0 and a. 
Although however the possibility of the expansion of an arbitrary function in a series of sines, 
for instance, when the function does not vanish at the limits 0 and a, cannot but have been 
contemplated, the wtility of this form of expansion has hitherto, so far as I am aware, been 
considered to depend on the actual evanescence of the function at those limits. In fact, if the 
conditions of the problem require that f(0) and f(a) be equal to zero, it has been considered 
that these conditions were satisfied by selecting the form of expansion referred to. The chief 
object of the following paper is to develope the principles according to which the expansion of 
an arbitrary function is to be treated when the conditions at the limits which determine the 
particular form of the expansion are apparently violated ; and to shew, by examples, the advantage 
that frequently results from the employment of the series in such cases. 


In Section I. I have begun by proving the possibility of the expansion of an arbitrary 
function in a series of sines. ‘Two methods have been principally employed, at least in the simpler 
cases, in demonstrating the possibility of such expansions. One, which is that employed by 
Poisson, consists in considering the series as the limit of another formed from it by multiplying 
its terms by the ascending powers of a quantity infinitely little less than 1; the other consists in 
summing the series to 2 terms, that is, expressing the sum by a definite integral, and then con- 
sidering the limit to which the sum tends when m becomes infinite. The latter method certainly 
appears the more direct, whenever the summation to » terms can be effected, which however is 
not always the case ; but the former has this in its favour, that it is thus that the series present 
themselves in physical problems. The former is the method which I have followed, as being that 
which I employed when I first began the following investigations, and accordingly that which best 
harmonizes with the rest of the paper. I should hardly have ventured to bring a somewhat 
modified proof of a well-known theorem before the notice of this Society, were it not for the 
doubts which some mathematicians seem to feel on this subject, and because there are some points 
which Poisson does not seem to have treated with sufficient detail. 
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I have next shewn how the existence and nature of the discontinuity of f(v) and its derivatives 
may be ascertained merely from the series, whether of sines or cosines, in which f(a) is developed, 
even though the summation of the series cannot be effected. I have also given formule for 
obtaining the developements of the derivatives of f(#) from that of f(v) itself. These develope- 
ments cannot in general be obtained by the immediate differentiation of the several terms of the 
developement of f(w), or in other words by differentiating under the sign of summation. 


It is usual to restrict the expanded function to be finite. his restriction however is not 


necesssary, as is shewn towards the end of the section. It is sufficient that the integral of the 
function be finite. 


Section IL. contains formule applicable to the integrals which replace the series considered 


in Section I. when the extent @ of the variable throughout which the function is considered is 
supposed to become infinite. 


Section III. contains some general considerations respecting series and integrals, with reference 
especially to the discontinuity of the functions which they express. Some of the results obtained 
in this section are referred to by anticipation in Sections I. and II. They could not well be 
introduced in their place without too much interrupting the continuity of the subject. 


Section IV. consists of examples of the application of the preceding results. These examples 
are all taken from physical problems, which in fact afford the best illustrations of the application 
of periodic series and integrals. Some of the problems considered are interesting on their own 
account, others, only as applications of mathematical processes. It would be unnecessary here to 
enumerate these problems, which will be found in their proper place. It will be sufficient to 
make one or two remarks. 

The problem considered in Art. 52., which is that of determining the potential due to an 
electrical point in the interior of a hollow conducting rectangular parallelepiped, and to the elec- 
tricity induced on the surface, is given more for the sake of the artifice by which it is solved than 
as illustrating the methods of this paper. The more obvious mode of solving this problem would 
lead to a very complicated result. 

The problem solved in Art. 54. affords perhaps the best example of the utility of the 
methods given in this paper. The problem consists in determining the motion of a fluid within 
the sector of a cylinder, which is made to oscillate about its axis, or a line parallel to its axis. 
The expression for the moment of inertia of the fluid which would be obtained by the methods 
generally employed in the solution of such problems is a definite integral, the numerical calculation 
of which would be very laborious; whereas the expression obtained by the method of this paper 
is an infinite series, which may be summed, to a sufficient degree of approximation, without much 
trouble. 

The series for the developement of an arbitrary function considered in this paper are two, a 
series of sines and a series of cosines, together with the corresponding integrals; but similar 
methods may be applied in other cases. I believe that the following statement will be found to 
embrace the cases to which the method will apply. 

Let « be a continuous function of any number of independent variables, which is considered 
for values of the variables lying within certain limits. For facility of explanation, suppose wu a 
function of the rectangular co-ordinates x, y, zx, or of v, y, x and ¢, where ¢ is the time, and 
suppose that w is considered for values of 2, y, x, ¢ lying between 0 and a, 0 and 6, 0 and «, 
0 and 7’, respectively. For such values suppose that z satisfies a linear partial differential equation, 
and suppose it to satisfy certain linear equations of condition for the limiting values of the 
variables. Let U=0, U’=0 be two of the equations of condition, corresponding to the two 
limiting values of one of the variables, as v7. Then the expansion of « to which these equations 
lead may be applied to the more general problem which leads to the corresponding equations of 


condition U=F, U’= F’, where F and F’ are any functions of all the variables except x, or of 
any number of them. 
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SECTION I. 


Mode of ascertaining the nature of the discontinuity of a function which is expanded 
in a series of sines or cosines, and of obtaining the developements of the 
derived functions. 


1. By the term function I understand in this paper a quantity whose value depends in any 
manner on the value of the variable, or on the values of the several variables of which it is com- 
posed. Thus the functions considered need not be such as admit of being expressed by any 
combination of algebraical symbols, even between limits of the variables ever so close. I shall 
assume the ordinary rules of the differential and integral calculus as applicable to such functions, 
supposing those rules to have been established by the method of limits, which does not in the least 
require the possibility of the algebraical expression of the functions considered. 


The term discontinuous, as applied to a function of a single variable, has been used in two 
totally different senses. Sometimes a function is called discontinuous when its algebraical expression 
for values of the variable lying between certain limits is different from its algebraical expression for 
values of the variable lying between other limits. Sometimes a function of w, f(«), is called con- 
tinuous when, for all values of x, the difference between f(#) and f(w +h) can be made smaller 
than any assignable quantity by sufficiently diminishing h, and in the contrary ease discontinuous. 
If f(v) can become infinite for a finite value of x, it will be convenient to consider it as dis- 
continuous according to the second definition. It is easy to see that a function may be discon- 
tinuous in the first sense and continuous in the second, and vice versa. The second is the sense in 
which the term discontinuous is I believe generally employed in treatises on the differential calculus 
which proceed according to the method of limits, and is the sense in which I shall use the term in 
this paper. The terms continuous and discontinuous might be applied in either of the above senses 
to functions of two or more independent variables. If I have occasion to employ them as applied 
to such a function, I shall employ them in the second sense; but for the present I shall consider 
only functions of one independent variable. 


In the case of the functions considered in this paper, the value of the variable is usually sup- 
posed to be restricted to lie within certain limits, as will presently appear. I exclude from 
consideration all functions which either become infinite themselves, or have any of their differential 
coefficients of the orders considered becoming infinite, within the limits of the variable within which 
the function is considered, or at the limits themselves, except when the contrary is expressly stated. 
Thus in an investigation into which f(«) and its first » differential coefficients enter, and in which 
f(z) is considered between the limits w = 0 and & = a, those functions are excluded, at least at first, 
which are such that any one of the quantities f(x), f’(z) ...f'(«) is infinite for a value of « 
lying between 0 and a, or for x =0 or a = a; but the differential coefficients of the higher orders 
may become infinite. The quantities f(7), f’(x) ...f"(v) may however alter discontinuously 
between the limits we = 0 and #=a, but I exclude from consideration all functions which are such 
that any one of the above quantities alters discontinuously an infinite number of times between the 
limits within which @ is supposed to lie. 


The terms convergent and divergent, as applied to infinite series, will be used in this paper in 
their usual sense; that is to say, a series will be called convergent when the sum to 2 terms 
approaches a finite and unique limit as » increases beyond all limit, and divergent in the contrary case. 
Series such as 1 —1+1-—-—..., sin w+sin2v+sin 37+..., (where w is supposed not to be 0 or a 
multiple of z,) will come under the class divergent; for, although the sum to terms does not 
increase beyond all limit, it does not approach a unique limit as ” increases beyond all limit. Of 


322 
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course the first m terms of a divergent series may be the limits of those of a convergent series: nor 
does it appear possible to invent a series so rapidly divergent that it shall not be possible to find a 
convergent series which shall have for the limits of its first 2 terms the first terms respectively of 
the divergent series. Of course we may employ a divergent series merely as an abbreviated mode 
of expressing the limit of the sum of a convergent series. Whenever a divergent series is employed 
in this way in the present paper, it will be expressly stated that the series is so regarded. 


Convergent series may be divided into two classes, according as the series resulting from taking 
all the terms of the given series positively is convergent or divergent. It will be convenient for 
the purposes of the present paper to have names for these two classes. I shall accordingly call 
series belonging to the first class essentially convergent, and series belonging to the second 
accidentally convergent, while the term convergent, simply, will be used to include both classes. 
Thus, according to the definitions which will be employed in this paper, the series 


p+ ig? 41g’ 
V+ ge tod +o. 


is essentially convergent so long as w <1; it is divergent when #*>1, and when # = 1; and it is 
accidentally convergent when w= — 1. 
The same definitions may be applied to integrals, when one at least of the limits of integration 
® sin wv 


isneo Pee NUS. pri =.0s [ada is essentially convergent at the limit c, while i —— dz is 


fi 
fe & 


. aD . . 
only accidentally convergent, and f* sinwda, not being convergent, comes under the class of 
divergent integrals. These definitions may be applied also to integrals taken between finite limits, 


when the quantity under the integral sign becomes infinite within the limits of integration, or at 


Cline ; 
one of the limits. Thus flog a da is convergent, but Ih — divergent at the limit 0, 
0 & 


2. Let f(x) be a function of « which is only considered between the limits # = 0 and w = a, 


me 


TL 


and which can be expanded between those limits in a convergent series of sines of and its 


a 


multiples, so that 


Q7 x . ne 
ween sea vSIni= 
a a 


f(#) =A, sin "* + 4, sin tPF igao doaeeseoao.| Wl) F 


a 


dx, and integrate from w# = 0 to vw =a. 


To determine 4,, multiply both sides of (1) by sin 
Since the series in (1) is convergent, and sin ao does not become infinite for any real value of a, 


; . nae 3 5 > 
we may first multiply each term by sin ar dw and integrate, and then sum, instead of first 


summing and then integrating*. But each term of the series in (1) except the 2 will produce 


in the new series a term equal to zero, and the n'® will produce }ad,. Hence 


2 a . Narre 
=— x2) sin —— da 
A, =~ i f(a) sin ~~ da, 


NTL 


2 bs . nae - 
Ps f f(2) SI ——— da SI, oe rath amcicemitenin meets 
Jo a a 


and therefore iO) = 
a 


* Moigno, Lecons de Calcul Différentiel, &c. Tom. 11. p.70- 
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3. Hence, whenever f(a’) can be expanded in the convergent series which forms the right-hand 
side of (1), the value of 4, can be very readily found, and the expansion performed. But this 
leaves us quite in the dark as to the degree of generality that a function which can be so expanded 
admits of. In considering this question it will be convenient, instead of endeavouring to develope 
f(x), to seek the value of the infinite series 


NTL 


U 
op) dap wire LAR : 
= f f(a’) sin da’. sin Sap. Ces tec covvecvescesceccsscosess (3)5 
5 a a 


provided the series be convergent ; for it is only in that case that we can, without further definition, 
speak of the sum of the series at all. Now if we had only a finite number x of terms in the series 
(3) we might of course replace the series by 


, 


Drone (5 Amen wT Sac Qorah «Lira _nre . nae 
=" f(v) ysin sin + sin sin - »6. + sin —— sin 
ay a a a a a a 


da’. ... (4). 


As it is however this transformation cannot be made, because, the series within brackets in the 
expression which would replace (4) not being convergent, the expression would be a mere symbol 
without any meaning. If however the series (3) is essentially convergent, its sum is equal to the 
limit of the sum of the following tale convergent series 


et pe) sin™ 


when g from RT been less than 1 becomes in the limit 1. It will be observed that if (3) were 
only accidentally convergent, we could not with certainty affirm the sum of (3) to be the limit of 
the sum of (5). For it is conceivable, or at least not at present proved to be impossible, that 
the mode of the mutual destruction of the terms of (3) in the infinitely remote part of the series 
should be altered by the introduction of the factor g", however little g might differ from 1. Let us 
now, instead of seeking the sum of (3) in those cases in which the series is convergent, seek the limit 
to which the sum of (5) approaches as @" approaches to 1 as its limit. 


NarVr 
apie sin A, Eeiscoposecersecscree saeee (IE 
a 


4. The transformation already referred to, which could not be effected on the series (3), may 
be effected on (5), that is to say, instead of first integrating the several terms and then summing, 
we may first sum and then integrate. We have thus, for the value of the series, 


2 


CIN ay aw 
~ i, Ff@) {Ee sin 
avo 


The convergent series within brackets can easily be summed. The expression (6) thus becomes 


, 
a 


Te . mre 
sin hax’ “UPR SA ae eee eee (8) 
a 


a ; ] — Ge 1— Ce , 

= || f) |\-—  _ CC | de’. .... (7). 
2a, 1 (x — x) : aw (vw +2) Z 

1 — 2g cos ——_—_ 4. g*_ 1 — 2g cos ——_—_ + &° 

a a 
; c : ; : : w (x + x) 
Now since the quantity under the integral sign vanishes when g = 1, provided cos —“—~”_ be 
a 


not = 1, the limit of (7) when g=1 will not be altered if we replace the limits 0 and a of «’ by 
any Giier limits or groups of limits as close as we please, provided they contain the values of 2 
which render x’ + x equal to zero or any multiple of 2a, Let us first suppose that we are con- 
sidering a value of w lying between 0 and a, and in the neighbourhood of which f(x) alters 
continuously, Then, since x +a never becomes equal to zero or any multiple of 2a@ within the 
limits of integration, we may omit the second term within brackets in (7); and since 2’ — xv never 
becomes equal to any multiple of 2a, and vanishes only when 2’ =, we may take for the limits 
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of x’ two quantities lying as close as we please to x, and therefore so close as to exclude all values 
, . . , T 

of 2 for which f(a’) alters discontinuously. Let g=1-—h, oe =a+ £, expand cos mE by the 
a 


ordinary formula, and put f(’) =f(2) + BR. Then the limit of (7) will be the same as that of 


= [SF(@) + RY es soe SERB B aap P Ae ERE 5 She (8). 


oe (Te...) 


a 
the limits of & being as small as we please, the first negative and the second positive. Let now 


g (=e - ) = £”, 


a* 


dé. : a ; F 
so that _ is ultimately equal to—, that is to say when g is first made equal to 1, and then the 
T 


limits of £, and therefore those of &’, are made to coalesce. Let now G, L be respectively the 
dé 


1 
greatest and least values of (1-44) = 


hd ‘ A T 
we observe that pe = tan7? e + C, where tan~! denotes an angle lying between — — and = 
h? + &* h a 2 
putting — &,, & for the limits of &, we shall see that the value of the integral (8) lies 


between 


Sf (2) + R} within the limits of integration. Then if 


G (es + tan7! “) and L (tan- © + tan7! ) : 


h, h 


but in the the limit, that is to say, when we first suppose / to vanish and then &, and &, G@ and 
1 E E. 

L become equal to each other and to — f(w), and tan7' =! + tan7? kh becomes equal to z. Hence, 
T 

f(x) is the limit of (7). 


Next, suppose that the value of « which we are considering lies between 0 and a, and that 
as 2’ passes through it f(a’) alters suddenly from M to N. Then the reasoning will be exactly as 
before, except that we must integrate separately for positive and negative values of &’, replacing 
f(x) +R by M+ R in the latter case, and by N+ R’ in the former. Hence, the limit of (7) will 
be $(M + N). 

Lastly, if we are considering the extreme values c = 0 and w =a, it follows at once from the 
form of (7) that its limiting value is zero. 


Hence the limit to which the sum of the convergent series (5) tends as g tends to 1 as its limit 
is f(w) for values of w lying between 0 and a, for which f(x) alters continuously, it is $ (4 + N) 


for values of w for which f(x) alters suddenly from M to N, and it is zero for the extreme values 
0 and a. 


5. Of course the limiting value of the series (5) is f(0) and not zero, if we suppose that g 
first becomes 1 and then w passes from a positive value to zero. In the same way, if f(z) alters 
abruptly from M to N as @ increases through «,, the limiting value of (5) will be M if we suppose 
that g first becomes 1 and then « increases to a, and it will be N if we suppose that g first 
becomes 1 and then w decreases to 2,. It would be futile to argue that the limiting value of (5) 
for « =0 is zero rather than f(0), or f(0) rather than zero, since that entirely depends on the 
sense in which we employ the expression limiting value. Whichever sense we please to adopt, no 


error can possibly result, provided we are only consistent, and do not in the course of the same 
investigation change the meaning of our words. 
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It is a principle of great importance in these investigations, that a function of two independent 
variables which becomes indeterminate for particular values of the variables may have different 
limiting values according to the order in which we suppose the variables to assume their particular 
values, or according to the nature of the arbitrary relation which we conceive imposed on them as 
they approach those values together. 


I would here make one remark on the subject of consistency. We may speak of the sum of an 
infinite series which is not convergent, if we define it to mean the limit of the sum of a convergent 
series of which the first 2 terms become in the limit the same as those of the divergent series. 
According to this definition, it appears quite conceivable that the same divergent series should have 
a different sum according as it is regarded as the limit of one convergent series or of another. If 
however we are careful in the same investigation always to regard the same divergent series, and 
the series derived from it, as the limits of the same convergent series and the series derived from it, 
it does not appear possible to fall into error, assuming of course that we always reason correctly. 
For example, we may employ the series (3), and the series derived from it by differentiation, &c., 
without fear, provided we always regard these series when divergent, or only accidentally convergent, 
as the limits of the particular convergent series formed by multiplying their mn terms by g”. 


6. We may now consider the convergency of the series (3), in order to find whether we may 
employ it directly, or whether we must regard it as the limit of (5). 
By integrating by parts in the nm" term of (3), we have 


= ff’) sin 


are 


2 
dx’ = — — f(x’) cos 
nt 


a 


NnarVv 


Y 2a 


nn” 17 


24 tet . ri 4 nee + 
+S @) sin - "(vw ) sin — da’... (9). 
wal & ) =a a (9) 

Suppose that f(#) does not necessarily vanish at the limits = 0 and w=a, and that it alters 
discontinuously any finite number of times between those limits, passing abruptly from M, to JN, 
when w increases through a, from M, to N, when a increases through a, and so on. Then, if 
we put S' for the sign of summation referring to the discontinuous values of f(2’), on taking the 
integrals in (9) from « =0 to w= a, we shall get for the part of the integral corresponding to the 
first term at the right-hand side of the equation 

nara 
| £00) = (=) Fla) + 8 (= A) cos 


a 


9° 

— prota .- Gy 

4 

It is easily seen that the last two terms in (9) will give a part of the integral taken from 0 to a, 


Ib, ; 
which is numerically inferior to, where LZ is a constant properly chosen. As far as regards 
r n 


2? 
these terms therefore the series (3) will be essentially convergent, and its sum will therefore be 
the limit of the sum of (5). 


Hence, in examining the convergency or divergency of the series (3), we have only got to 
Nerv 


consider the part of the coefficient of sin of which (10) is the expression. The terms Ff(), 


f(a) in this expression may be included under the sign S if we put for the first @ = 0, M= 0, 
N = f(0), and for the second a=a, M=f(a), N=0. We have thus got a set of series to con- 
sider of which the type is 


2 1 NTA . NTL 
—(N -— M) == cos — sin Supe SeeRaSee hes wns ewiweasvieved (11): 
7 2 a a 
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If we replace the product of the sine and cosine in this expression by the sum of two sines, 
by means of the ordinary formula, and omit unnecessary constants, we shall have for the series 
to consider 


n 
1 lea 
Let now = sinz +4 SIN QS Coal 4 1—USIN G2 ye ces op ncewncco cliente Seles steosteeiee (LO) 
n 
du sin (n + 4) . 
then — = COS% + COS 2%... + COSNS = ———_*=—._ — 4; 
dz 2 sin 42 


sin (n + 4) * 
sin 3z 
between — 27 and + 27, so that the quantity under the integral sign does not become infinite 


and since zw vanishes with x, in which case 


is finite, we shall have, supposing = to lie 


within the limits of integration, 


gt 
ie a sin (m + (n+3)* 3. 


wllllg eieinicie/s[etwieleleja’sie alelciaticiaic eiele(eiaieieicicte 14 
sin } x % (14), 


rw | % 


and we have to find whether the integral contained in this equation approaches a finite limit as 7 
increases beyond all limit, and if so what that limit is. Since w changes sign with x, we need not 
consider the negative values of x. 


First suppose the superior limit z to lie between 0 and 27; and to simplify the integral write 
2x for x, n for 2n +1, so that the superior limit of the new integral lies between 0 and 7; then 


‘ sin 2% *sinns & 7 sin nz 
the integral = i ——— dz =f dz= if ——— (1 + Rz) dz, 
0 0 x 


sin = s sing Pres 


where R =——-.— , a quantity which does not become infinite within the limits of integration. 


Hence, as is known, the limit of /* sinz.Rdz when m increases beyond all limit is zero. Hence. 


if J be the limit of the integral, 


T = limit of f mes dz = limit of oh dv. 


= ae tt) 


Now, = being given, the limit of mz is ©, and therefore 
® sin 7 

y Lepr Se ze 
fan 56 2 


Secondly, suppose x in (14) to be equal to 0, Then it follows directly from this equation, or 
in fact at once from (13), that «= 0, and consequently the limit of w = 0. 


The value of zw in all other cases, if required, may be at once obtained from the consideration 
that the values of « recur when z is increased or diminished by 27. 


Hence, the series (12) is in all cases convergent, and has for its sum 0 when x = 0, and 4 (3 — 2) 
when x lies between 0 and 27. 


Now, if in the theorem of Article 4. we write x for z, and put a =a, f(z) = 4 (a — 2), we find, 
for values of x lying between 0 and z, and for z = 7, 


oats 1 : 
limit of 2 — g'sinns =4(7-2); 
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and evidently 


eae L - 
limit of = = g” sinnx = 0, when z =0, 


that is of course supposing x first to vanish and then g to become 1. Also the limit of 
D2 = sin mz changes sign with x, and recurs when x is increased or diminished by 27. Hence, 
the series (12), which has been proved to be convergent, is in all cases the limit to which the sum of 
the convergent series Eig sinnz tends as g tends to 1 as its limit. Now the series (11) may be 


decomposed into two series of the form just discussed, whence it follows that the series (3) is 
always convergent, and its sum for all values of «, critical as well as general, is the limit of the 
sum of the series (5), when g becomes equal to 1. 


The examination of the convergency of the series (3) in the only doubtful case, that is to say, 
the case in which f(a) is discontinuous, or does not vanish for 2 = 0 and for z =a, is more curious 
than important. For in the analytical applications of the series (3) it would be sufficient to regard 
it as the limit of the series (5); and in the case in which (3) is only accidentally convergent, we 
should hardly think of employing it in the numerical computation of (a) if we could possibly 
help it, and it will immediately appear that in all the cases which are most important to consider 
we can get rid of the troublesome terms without knowing the sum of the series. 


The proof of the convergency of the series (3) which has just been given, though in some 
respects I believe new, is certainly rather circuitous, and it has the disadvantage of not applying 
to the case in which f’(@) is infinite*, an objection which does not apply to the proof given by 


M. Dirichlet}. It has been supposed moreover that f’(v) is not infinite. The latter restriction 
however may easily be removed, as in the end of the next article. 


7. Let f(«) be a function of # which is expanded between the limits 2 =0 and w =a in the 
series (3). Let the series be 


. Te . 272 - ne 
A, sin a + A, sin Dyresy + d, sin DT td tttttttessesess (15), 


and suppose that we have given the coefficients 4,, 4,..., but do not know the sum of the series 
_ f(x). We may for all that find the values of f(0) and f(a), and likewise the values of x for 
which f(«) is discontinuous, and the quantity by which f(w) is increased as v increases through 
each of these critical values. 


For from (9) and (10) 


nd, =={f0) ~ (f(a) + SW - M) co 


naa R 
= + 

a 

R being a quantity which does not become infinite with x. If then we use the term dimit in an 

extended sense, so as to include quantities of the form C cos ny, (of course C (- 1)" is a particular 

case,) or the sum of any finite number of such quantities, we shall have for n =o , 


.3) 


= 


ahs n 
limit of 24, = re 


{.F00) -(- 1)" f(a) + S (WV — M) cos } se- (16): 


* This restriction may however be dispensed with by what is proved in Art. 20, + Crelle’s Journal, Tom. rv. p. 157. 
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Let then the limit of m4, be found. It will appear under the form 
Co + C3 (— J) FSC (cos ey a one nebenics sae soon! ((ili7/)): 


Comparing this expression with (16), we shall have 
fo) == C, fla=-FO,; 
and for each term of the series denoted by SS we shall have 
a=—7,) N-M=2C. 


In particular, if f(v) is continuous, and if the limit of m 4, is L, or L, according as n is odd or 
even, we shall have 


{f(0) - f(a}; 


2 
Tv 


Ly = ={f(0) +4}, Lee 


whence 
f(0) = 5 Gio floe * (Lo be Bibdtt scat Mesketentas Ses cols te GSE 


If f(v) were discontinuous for an infinite number of values of v lying between 0 and a, it is 
conceivable that the infinite series coming under the sign S might be divergent, or if convergent 
might have a sum from which » might wholly or partially disappear, in which case the limit of 
nA,, might not come out under the form (17). It was for this reason among others, that in Art. 1, 
I excluded such functions from consideration. 


If f(x) be expressible algebraically between the limits «= 0 and 2 =a, or if it admit of 
different algebraical éxpressions within different portions into which that interval may be divided, 
A, will be an algebraical function of m, and the limit of x 4,, may be found by the ordinary methods. 
Under the term algebraical function, 1 here include transcendental functions, using the term alge- 
braical function in opposition to what has been sometimes called an empirical function, or a general 
function, that is, a function in the sense in which the ordinate of a curve traced liberé manu is a 
function of the abscissa. Of course, in applying the theorem in this article to general functions, it 
must be taken as a postulate that the limit of x 4, can be found, and put under the form (17). 


The theorem in question has been proved by means of equation (9), in which it is supposed 
that f(x) does not become infinite within the limits of integration. The theorem is however true 
independently of this restriction. To prove it we have only got to integrate by parts once instead 


. 4 ; R ; 
of twice, and we thus get for the quantity which replaces — the integral 
n 


naw 


2 2 , , 
=a f (#) cos ——dz’, 
7 Jo a 


which by the principle of fluctuation* vanishes when m becomes infinite. There is however this 
difference between the two cases. When the series (15) has been cleared of the part for which the 


* I borrow this term from a paper by Sir William R. Hamilton | rather, would have begun with Art. 7. taking that equation as 
On Fluctuating Functions. Transactions of the Royal Irish | established. I have retained Arts. (2)—(6), first, because I 
Academy, Vol. x1x. p. 264. Had I been earlier acquainted with | thought the reader would enter more readily into the spirit of the 
this paper, and that of M. Dirichlet already referred to, I would | paper if these articles were retained, and secondly, because I 
probably have adopted the second of the methods mentioned in the | thought that Section 111, which is adapted to this mode of viewing 
introduction for establishing equation (2) for any function, or | the subject, might be found useful. 
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limit of 7A, is finite, by the method which will be explained in the next article, the part which 


2 Ade! 1 1 
remains will be at least as convergent in the former case as the series = + =... + — +... whereas 
ee n* 


we cannot affirm this to be true, and in fact it may be proved that it is not true, in the case in 
which f(a) becomes infinite. Observing that the same remark will apply when we come to 
consider the critical values of the differential coefficients of f(), I shall suppose the functions and 
derived functions employed in each investigation not to become infinite, according to what has 
been already stated in Art. 1. 


8. After having found the several values of a, and the corresponding values of N — M, we 
may subtract the expression (10) from 4,, provided we subtract from the sum of the series (15) 
the sums of the several series such as (11). Now if X be the sum of the series (11), 


ane = oe ee (19): 
a 


1 1 Hn 
X =—(N-M) \s — sin eee) += 
7 n 


1 
a n 


Llgmg : 
But it has been already shown that = — sinnz = 4(7-—x) when x lies between 0 and 27, =0 
n . 


when x=0, and = — 4 (x + x) when zx lies between 0 and —2z. Now when 2 lies between 0 and a, 


T(C+a " T(\t—a = : 
Bist.) lies between 0 and 27, and aC. zai) lies between — 2 7 and 0; and when 2 lies between 
a 


a 


T(wta 2 < T(vt—a < one: 
le ) still lies between 0 and 27, and id le) now lies between the same limits. 
a a 


a and a, 


Hence 


X=-(N-WM) e , When @ lies between 0 and 7 
a 


wes (20). 
a-wv 


, when x lies between a and a 
a 4 


= (N-M) 


We need not trouble ourselves with the singular values of the sum of the series (15), since we 
have seen that a singular value is always the arithmetic mean of the values of the sum for values 
of z immediately above and below the critical value. This rule will apply to the extreme cases in 
which w = 0 and w =a, if we consider the sum of the series for values of w lying beyond those 
limits. The rule applies to the series in (19), which is only a particular case of (15), and con- 
sequently will apply to any combination of series having this property, formed by way of addition 
or subtraction ; since, when we increase or diminish any two quantities .M,, N, by any other two 
M, N respectively, we increase or diminish the arithmetic mean of the two former by the arithmetic 
mean of the two latter. 


It has been already stated that we may, with a certain convention, include quantities referring 
to the limits 2 = 0 and v=a under the sign of summation S. If we do so, and put = for the 
sum of the series (15), and B, for the remainder arising from subtracting the expression (10) 
from 4,, we shall have 


. nre 
= — SX = SB, sin ; 
a 


and the sum of the series forming the right-hand side of this equation will be a continuous function 
of x. As to SX, the value of each series contained in it is given by equation (20). 


_— 


To illustrate this, suppose = the ordinate of a curve of which x is the abscissa. Let OG be 
the axis of 7; OA, MB, ND, Gb right lines perpendicular to it, and let OG = a. Let the curve 


4a 2 
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of which & is the ordinate be the discontinuous curve 4B, CD, EFG. Take Gb equal to BC, 


and on the positive or negative side of the axis of # according as the ordinate decreases or 
increases as @ increases through OM, and from O measure an equal length Oc on the opposite 
side of the axis. Take Gd, Oe, each equal to DE, and draw the right lines AG, Ob'b, cc'G, 
Od'd, ee'G. Then it will be easily seen that if X,, X,, X, be the values of XY corresponding to 
the critical values of «7, « =0, 2 =OM, «= ON, respectively, X, will be represented by the right 
line AG; X, by the discontinuous right line Ob’, c’G; and X, by the discontinuous right line 
Od', e'G. Take MP equal to the sum of the ordinates of the points in which the right lines lying 
between OA and ec’ B cut the latter line; MQ equal to the sum of the ordinates of the points in 
which the right lines lying between cB and d’E cut the former, and so on, the ordinates being 
taken with their proper signs. Let P, Q, R, S be the points thus found, and join AP, QR, SG. 
Then SX will be represented by the discontinuous right line AP, QR, SG. Let the ordinates of 
the discontinuous curve be diminished by those of the discontinuous right line last mentioned, and 
let the dotted curve be the result. Then = — SX will be represented by the continuous, dotted 
curve. It will be observed that the two portions of the dotted curve which meet in each of the 
ordinates MB, NE may meet at a finite angle. If there should be a point in one of the con- 
tinuous portions, such as 4B, of the discontinuous curve where two tangents meet at a finite angle, 
there will of course be a corresponding point in the dotted curve. 


If we choose to take account of the conjugate points of the curve of which SX is the ordinate, 
it will be observed that they are situated at O, and midway between P and Q, and between R and SS. 


9. There are a great many series, similar to (3), in which f(a) may be expanded within 
certain limits of w. I shall consider one other, which as well as (3) is of great use, observing that 
almost exactly the same methods and the same reasoning will apply in other cases. 


The limit of the sum of the series 


1S als a : 
— f f(e)da’ + — Se" f f( 2’) cos 


, 
Nav Nav 
dx’. cos 


> (OE 


a 
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when g from having been less than 1 becomes 1, is f(x), 2 being supposed not to lie beyond the 
limits 0 and a. For values, however, of w for which f(z) alters discontinuously, the limit of the 
sum is the arithmetic mean of the values of f(x) for values of 2 immediately above and below the 
critical value. I assume this as being well known, observing that it may be demonstrated just 
as a similar theorem has been demonstrated in Art. 4. 


10. Let us now consider the series 


, 


1 a rn Ae a . Ne . Nr 
- f F(®) dx’ + — =f f(@) cos da’ .cos ——® ......... (22) 
a~o a 0 
We have by integration by parts 
2 : art, 2 no nara 2a - mre 2a ee nre , 
- wv) cos da’ = — f(a) sin —— + —— a’) cos —————— aw’) cos dx’; 
a SF ) weet ) a ratlk ) a n* 7 ke oe a 


and now, taking the limits properly, and employing the letters M, N, a and SS’ in the same sense 
as before, we have 


nra R 


naa 
+—, .«-. (23), 
ne? 


wf fe) cos 


R being a quantity which does not become infinite with x. It follows from (23), that the series 
(22) is in all cases convergent, and its sum for all values of 2, critical as well as general, is the 
limit of the sum of (21). 


It will be observed that if f(«) is a continuous function the series (22) is at least as convergent 


9 
da’ = — —_ S(N - M) sin 
: nr 


a 


‘ 1 sh ; . 
as the series }—. This is not the case with the series (3), unless f(0) = f(a) = 0. 
n 


2D 


‘ NTE. : : 
If the constant term and the coefficient of cos in the general term of (22) are given, f(x) 


itself not being known, except by its developement, we may as before find the values of « for 
which f(z) is discontinuous, and the quantity by which f(x) is suddenly increased as @ increases 
through each critical value. We may also, if we please, clear the series (22) of the slowly con- 
vergent part corresponding to the discontinuous values of f(x). 


11. Since the series (8) is convergent, if we have occasion to integrate f(v) we may, instead 
. of first summing the series and then integrating. first integrate the general term and then sum. 
More generally, if g(x) be any function of 2 which does not become infinite between the limits 
w= 0 and vw =a, we shall have 


f f(2) $ (a) de = : = ["F(@) sin 


Ur nm 


ra = ’ 
da’. [ @ (x) sin 
a 0 


the superior limit wv of the integrals being supposed not to lie beyond the limits 0 and a@; and the 
series at the second side of the above equation will be convergent. In fact, even in the case in 


Te 
dx, 
a 


which f(x) is discontinuous the series will be as convergent as the series —. A second inte- 
= 


gration would give a series still more rapidly convergent, and so on. Hence, the resulting series 
may be employed directly, and not merely when regarded as limits of converging series. The 
same remarks apply in all respects to the series (22) as to the series (3). 

12. But the series resulting from differentiating (3) or (22) once, twice, or any number of 
times would not in generai be convergent, and could not be employed directly, but only as limits 
of the convergent series which would be formed by inserting the factor g* in the general term. 
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This mode of treating the subject however appears very inconvenient, except in the case in which 
the series are only temporarily divergent, being rendered convergent again by new integrations ; 
and even then it requires great caution. The series in question may however be rendered con- 
vergent by means of transformations to which I now proceed, and which, with their applications, 
form the principal object of this paper. 


The most important case to consider is that in which f(#) and its derivatives are continuous, 
so that the divergency arises from what takes place at the limits 0 and a. I shall suppose then, for 
the present, that f(~) and its derivatives of the orders considered are continuous, except the last, 
which will only appear under the sign of integration, and which may be discontinuous, 


Consider first the series of sines. Suppose that f(x) is not given in finite terms, but only by 
its developement 


f(a) = =A, sin ane Yee Me oe geen ee ome (24), 


where A, is supposed to be given, and where the developement of f(x) is supposed to be that which 
would result from the formula (3). I shall call the expansions of f(#) which are obtained, or which 
are to be looked on as obtained from the formule (3) and (22) direct expansions; as distinguished 
from other expansions which may be obtained by differentiation, and which, being divergent, cannot 
be directly employed. Let us consider first the even differential coefficients of f(w), and let A’, 


z TUT : 2 ’ 5 
A... be the coefficients of sin in the direct expansions of f(a), f'(v) .... The coefficient of 
a 


- a2, ; . : ' lee * : 
sin ——in the series which would be obtained by differentiating twice the several terms in the 
a 


9 2 
Vr 


series in (24) would be - — ; 
a 


A,. Now 


Be ip nix 
A,=- we) sin — - da’; 
[1 ie, 


and we have by integrating by parts 


Qn? 1 } nre , 2nr nr“ 2 NTe 
= Se wv’) sin dx’ = x’) cos — — f'(a’) sin 
a SF) sin —— da! = — f(a’) Se 
e) aes : nee 
+ — ff" (2) sin x, 
a a 


Taking now the limits, remembering the expression for 4”, and transposing, we get 


” 2 n° ‘ 

A’ = a § (0) — (- 1)" f(a)} - = HS sebevb Bula ees: (25). 

Any even differential coefficient may be treated in the same way. We thus get, » being even, 
f na" 2 (na\t 2 (na\"-* 
= 2 pe eae page sally peli i ) ld oll ” Sai ng 
(-niat= (7) 4-2 (2) yo--ov@r+7(F) £o@-Core}-.. 
EZ , 
(a1) — a { f#-2(0) — (- 1)" f*-2(a)}. --. (26). 


13. In the applications of these equations which I have principally in view, f(0), f(@), fe (O)ece 
are given, and 4,, 4,, A,... are indeterminate coefficients. If however 4,, A,... 4, --. are given, 
and f(0), f(a) ... unknown, we must first find f(0), f(a) .-., and then we shall be able to sub- 
stitute in (25) and (26). This may be effected in the following manner. 
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We get by integrating by parts 


nae a nora’ a2 nee a \3 nae 
¢ / ‘ dé Ud = F UG 5 iad , . sd) pad we , = 
Jf (2) sin = © GD eH: Fas (“) f (#) sin Boe (=) f'(@) cos 
2 
Multiplying now both sides by Za and taking the limits of the integrals, we get 
A= =" tf) - (- TO} - =. (2) IFO - CFO} + CD: 
" @ nw a \nw 


Hence, if n be always odd or always even, A, can be expanded, at least to a certain number of 
terms, in a series according to descending powers of m, the powers being odd, and the first of 
them —1. The number of terms to which the expansion in this form is possible will depend on the 
number of differential coefficients of f(v) which remain finite and continuous between the limits w = 0 
and « =a. Let the expansion be performed, and let the result be 


1 1 
A,= 0,-+0.—+ in +... when 7 is =| 
n n n 
ey yhtaitevvltle avi) fn ielase arta (28). 
A,=E, -+E, Sr E,— + ... when n is even 
n n n 
Comparing (27) and (28), we shall have 
T vin 
FO)= = (H+E), f@= = (0- By 
, so ; r 
f ©) == — (0.+ E.), f’(a) =- ar (Od OF) FT Sea eee acy (29), 


5 


4 = oe y Mm = ies = 
FOE= 7 (1+k), f= 7(0-£), 


and so on. ‘he first two of these equtions agree with (18). 


If we conceive the value of 4, given by (27) substituted in (26), we shall arrive at a very 
simple rule for finding the direct expansion of f*(«). It will only be necessary to expand 4, as 


far as ae admitting (— 1)" into the expansion as if it were a constant coefficient, and then, sub- 
n 


tracting from 4, the sum of the terms thus found, employ the series which would be obtained by 
differentiating the equation (24) « times. It will be necessary to assure ourselves that the term 


1 
Pay : : : saFy | rakes ‘ Cy a eae 
in - vanishes in the expansion of A,, since otherwise f“(a) might be infinite, or f*~'(x) discon- 


tinuous without our being aware of it. It will be seen however presently (Art. 20) that the 
former circumstance would not vitiate the result, nor introduce a term involving 2~*. 


1 hall 
Should A, already appear under such a form as — +c"; (—1)"— + me"; &c., where c <1, it 
n n 


will be sufficient to differentiate equation (24) u times, and leave out the part of the series which 
becomes divergent. For it will be observed that the terms ec", n*e", in the examples chosen, 


od : 
decrease with — faster than any inverse power of 7. 
= d 


14. Let us now consider the odd differential coefficients of f(a), supposing f(x) to be 
expanded in a series of cosines, so that 
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Mav 


f(@) = By + 2B, cos —— salowesloeeiceaccaiecsoonivarieceecteeseeeiceam (OO)s 


m . metal @, . . a we a 
Let 4’,, A”... be the coefficients of sin in the direct expansions of f’(v), f’’() ... in 


Tv 


series of sines. If we were to differentiate (30) once we should have — B,, for the coefficient 


nTe 


of sin Now 


a 


n re 


we ' 2 , ' 
BEE — [f(a') cos dw = — —f(x) sin +- = [f (2!) sin ™™ eave 
a 
and taking the limits of the viens and introducing B, and d’,, we get 
n 
Ae ES FS ee A Ge eS be (31). 
a 


Hence, the series arising from differentiating (30) once gives the direct expansion of f(x) in a 
series of sines. 


; . nae, : 3 ; dug: ; 
The coefficient of sin —— in the series which would be obtained by differentiating (30) « times, 
a 


\& 


eer 
uw being odd, would be (— 1) 2 (=) B,,. By proceeding just as in the last article we obtain 
a 


9? ae (2 j3.+2 (2) ro-corer-2 (2) yro-covr'o}+. 
(eo J ze — {P'#(0) - (-)'ft*(a) ae (32). 


When f' (0), f(a), &c., are known, this series enables us to develope f“(z) in a direct series of 
sines, the direct developement of f(x) in a series of cosines being given. 


15. If we treat the expression for B, by integration by parts, just as the expression for A, was 
treated, going on till we arrive at the integral which gives 4", and observe that the very same 
process is used in deducing the value of A* from that of B, as in expanding the latter according to 
inverse powers of 2, and that the index of 7 in the coefficient of A“ is — ~, and that A, vanishes when 
n becomes infinite, we shall see that in order to obtain the direct expansion of f*(w) we have only 


1 5 ees ; 
got to expand B, as far as —, (the coefficient of — will vanish,) and subtract from B, these 
z n n 
terms of the expansion, and then differentiate (30) « times. 
The expansion of B,, at least to a certain number of terms, will proceed according to even 


1 aie eee 
powers of —, beginning with —. If we suppose that 
n n 


i 1 iv. os 
B, = 0O.— + O; — + O;, — +... when m is odd, 
n* n* n 


6 


1 1 1 ; 
B,=E,—+ E,— + E,— +... when is even, 
n' n° 


n* 
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and compare these expansions with that given by integration by parts, we shall have 


f' 0) =- 5 (+48), f (@=- 7 (O- 2.) 
; cere tesa) 
f"(0) = = (0; E;), f(a) - = (O; 7 ry, 


5 ° 5 . ae : 
and so on, the signs of the coefficients being alternately + and —, and the index of — increasing 
a 
by 2 each time. 


16. The values of f*(0) and f*(a) when f(x) is expanded in a series of sines and y is odd, 
or when f(a) is expanded in a series of cosines and » is even, will be expressed by infinite series. 
To find these values we should first have to obtain the direct expansion of f*(«), which would be 
got by differentiating the equation (24) or (30) » times, expanding A, or B, according to powers 


of:—, and rejecting the terms which would render the series contained in the x“ derived equation 
n 
divergent. The reason of this is the same as before. 


17. The direct expansions of the derivatives of f(w) may be obtained in a similar manner in 
the cases in which f(2) itself, or any one of its derivatives is discontinuous. In what follows, 
a will be taken to denote a value of w for which f(#) or any one of its derivatives of the 
orders considered is discontinuous; Q, Q), ..- Q, will denote the quantities by which f(x), f(a), ... 
f"(«) are suddenly increased as w increases through a; S will be used for the sign of summation 
relative to the different values of a, and will be supposed to include the extreme values 0 and a, 
under the convention already mentioned in Art. 6. Of course f(a) may be discontinuous for a 
particular value of v while f*(x) is continuous, and vice versd. In this case one of the two Q, Q, 
will be zero while the other is finite. 


The method of proceeding is precisely the same as before, except that each term such as 


i : es ats . . : . . : 
f(x) cos —— in the indefinite integral arising from the integration by parts will give rise to a series 
a 


nia. , — 2 
such as — SQ cos —— in the integral taken between limits. We thus get in the case of the even 
a 


derivatives of f(z), when f(x) is expanded in a series of sines, 


na\*—} nra 2 ki _ naa 
. (=) SQ cos ; +-.(— SQ, sin — 


a a ai a 


es) 


Boe ae 


2 (na\© na Kir 2 . maa i 
+-. (==) SQ, cos —— — ... +(- 1)? .—. SQ,_, sin + eeeeee (35). 
a } a a a 


In the case of the odd derivatives of f(«), when f(«) is expanded in a series of cosines, we get 


Bt & 9 wl 9 u-2 
a 7 < (nw . nwa 2 (nw z nT a 
fh) *.4e = (~) B, + ( } SQ sin —— + =|! ) SQ, cos ape 
a a a a a 


a a 


When the several values of a, Q, Q,... are given, these equations enable us to find the direct 
expansion of f*(w). The series corresponding to the odd derivatives in the first case and the even 
in the second might easily be found. 

VotonVEli Parr V. 4B 
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If we wish to find the direct expansion of f*(#) in the case in which A, or B, is given, we 
have only to expand A, or B, ina series according to descending powers of n, regarding cos ny 
or sin nvy, as well as (— 1)", as constant coefficients, and then reject from the series obtained by the 
immediate differentiation of (24) or (30) those terms which would render it divergent. This readily 
follows as in Art. 15, from the consideration of the mode in which A" is obtained from A, or B,,. 


The equations (35) and (36) contain as particular cases (26) and (32) respectively. It was con- 
venient however to have the latter equations, on account of their utility, expressed in a form which 
requires no transformation. 


18. If we transform A, and B, by integration by parts, we get 


nra 2a nora 2a” Nr a 


2 
A,= — SQcos —— — 


= SQ, sin — —= SQ, cos Jee ec SABGe (37)5 
1. a n° a a mn? rr 
2 _ . nara 2a nia 2a° _ nT 
Bi =~="SQ" sin ==, SQ: cos’ _ + — SQ, sm SIFY aise, Coetiace (38), 
no a n* qr” n? a 


where the law of the series is evident, if we only observe that two signs of the same kind are always 
followed by two of the opposite kind. The equations (37), (88) may be at once obtained from (35), 


: : : 5 1 
(36). The former equations give the true expansions of 4, and B, according to powers of — ; 
n 


because when we stop after any number of integrations by parts the last integral with its proper 
coefficient always vanishes compared with the coefficient of the preceding term. 


; 2 : Ls ee : 
Hence 4, and B, admit of expansion according to powers of — , if we regard cos nvy or sin ny 
n 
as a constant coefficient in the expansion. Moreover quantities such as cos my, sin my will occur 
4 : = A 5 1 
alternately in each expansion, the one kind going along with odd powers of — and the other along 
n 


with even. If we suppose the value of 4, or B,, as the case may be, given, and the expansion 
performed, so that 


1 . 1 1 
A, = SF cosny.— + SF, sin Bo ait SF, COS 17 1 + so0y conve (39), 
2 


ui 


% 1 1 : 1 
B, = SG sin ny. —+ SG, cos ny .—, + SG sin My «s+ o00y severe (40), 
n n? 


and compare these expansions with (37) or (38), we shall get the several values of a, and the 
corresponding values of Q, Q,, Q,... We may thus, without being able to sum the series in 
equation (24) or (30), find the values of « for which f(x) itself or any one of its derivatives is 
discontinuous, and likewise the quantity by which the function or derivative is suddenly increased. 
This remark will apply to the extreme values 0 and a of w if we continue to denote the sum of the 
series by f(#) when a is outside of the limits 0 and a. 


19. Having found the values of a, Q, Q,..., we may if we please clear the series in (24) 
or (30) of the terms which render f(v) itself, or any one of it dervatives, discontinuous. If we 
wish the function which remains expressed by an infinite series and its first » derivatives to be 
continuous, we have only to subtract from A, or B, the terms at the commencement of its expansion, 


ending with the term containing act and from f(x) itself the sums of the series corresponding 


to the terms subtracted from A, or B,. These sums will be obtained by transforming products of 


sines and cosines into sums or differences, and then employing known formule such as 
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cosz cos3z% T 1s 
— + —+...= —-— —, fromz=0toz=7, ....-. (41), 
I 3 8 4 
which are obtained by integrating several times the equation 
sins +d sin2z+4sin3z%+...=1L (7-2), fromz =0tox =27, 


or the equation deduced from it by writing 7 —x for x, and taking the semi-sum of the results. 
It will be observed that in the several series to be summed we shall always have sines coming 
with odd powers of m and cosines with even. Of course, by clearing the series in (24) or (30) in 
the way just mentioned we shall increase the convergency of the infinite series in which a part 
of f(a) still remains developed. 


When 4, or B, decreases faster than any inverse power of m as m increases, (as is the case for 
instance when it is the m™ term of a geometric series with a ratio less than 1,) all the terms of 
its expansion in a series according to inverse powers of m vanish. In this case, then, f(7) and 
its derivatives of all orders are continuous. 


20. In establishing the several theorems contained in this Section, it has been supposed that 
none of the derivatives of f(#) which enter into the investigation are infinite. It should be 
observed, however, that if f“(«) is the last derivative employed, which only appears under the sign 
of integration, it is allowable to suppose that f*(«) becomes infinite any finite number of times 
within the limits of integration. To show this, we have only got to prove that 


f f* (a) sin veda or [Pe cos yxda 
0 0 


approaches zero as its limit as y increases beyond all limit. Let us consider the former of these 
integrals, and suppose that f“(#) becomes infinite only once, namely, when x =a, within the limits 
of integration. Let the interval from 0 to a be divided into these four intervals 0 to a — G~ a-¢ 
to a, a toa+(’, a+’ to a, where ( and @ are supposed to be taken sufficiently small to 
exclude all values of w lying between the limits a— ¢ and a + ( for which f*~'() alters discon- 
tinuously, or for which f“(#) changes sign, unless it be the value a. For the first and fourth 
intervals f*(«) is not infinite, and therefore, as it is known, the corresponding parts of the integral 
vanish for y= co. Since sin yw cannot lie beyond the limits +1 and —1, and is only equal to 
either limit for particular values of v, it is evident that the second and third portions of the 
integral are together numerically inferior to 7, where 


Pate Pat ii Get) fo (as el, 


the symbol 4A ~ B denoting the arithmetical difference of A and B, and ¢ being an infinitely small 
quantity, so that f(a —e), f(a +e) denote the limits to which f(a) tends as x tends to the limit a 
by increasing and decreasing respectively. Hence the limit of the integral first considered, for 
v= ©, must be less than J. But J may be made as small as we please by diminishing { and 
(’, and therefore the limit required is zero, 


The same proof applies to the integral containing cos yx, and there is no difficulty in extend- 
ing it to the case in which f*(«) is infinite more than once within the limits of integration, or at 
one of the limits. 


21. It has hitherto been supposed that the function expanded in the series (3) or (22) does 
not become infinite; but the expansions will still be correct even if f(#) becomes infinite any 
finite number of times, provided that /f(x) dw be essentially convergent. Suppose that f(«) be- 
comes infinite only when #=a. Then it is evident that we may find a function of 2, F(x), which 
shall be equal to f(w) except when a lies between the limits a — ¢ and a +, which shall remain 

4B2 
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ra+e +6 
finite from w=a—{ to a=a-+(', and which shall be such that | i F(w)de= f(a) da. 
a-¢ a-¢ 


° : . . ° - ATL, 
Suppose that we are considering the series (3). Then, if C,, be the coefficient of sin in the 


expansion of F'(r) in a series of the form (3), it is evident that C, will approach the finite limit 4, 


aL 


4 OW . ner Say. 
when ¢ and ¢’ vanish, where 4, = am Ff (@) sin a dx. But so long as ¢ and ¢’ differ from 
ao 


° _ are, A 
zero the series SC’, sin ——— is convergent, and has F'(w) for its sum, and F(#) becomes equal 
a 


to f(w) when ¢ and (@’ vanish, for any value of « excepta. We might therefore be disposed to 
conclude at once that the series (3) is convergent, and has f(#) for its sum, unless it be for the 
particular value v =a; but this point will require examination, since we might conceive that the 
series (3) became divergent, or if it remained convergent that it had a sum different from f(x), when 
¢ and ¢’ were made to vanish before the summation was performed. If we agree not to consider 
the series (3) directly, but only the limit of the series (5) when g becomes 1, it follows at once 
from (7) that for values of w different from a that limit is the same as in Art. 4. For # =a the 
limit required is that of }}f(a—e) + f(a+e)} when e vanishes. If f(w) does not change sign 
as w passes through a the limit required is therefore positive or negative infinity, according as f(x) 
is positive or negative; but if f(#) changes sign in passing through oo the limit required may be 
zero, a finite quantity, or infinity. The expression just given for the limit may be proved without 
difficulty. In fact, according to the method of Art. 4, we are led to examine an integral of 
the form 
dé 


“¢ h 
=f if@-D+fe+Di gga 


where a is a constant quantity which may be taken as small as we please, and supposed to vanish 
after h. Now by a known property of integrals the above integral is equal to 


¢ hd& 
\f(a-&)+fla+t &)} f + 


, where £, lies between 0 and ¢. 


3} 


But fa 5 which is equal to tan~! s, becomes equal to = when h vanishes, and the limit of 


~ 


—, when h vanishes must be zero, since it cannot be greater than ¢, and ¢ may be made to vanish 
after h. 


22. The same thing may be proved by the method which consists in summing the series 


, 

. Are , Ne 5 . . 

> sin sin — to terms. If we adopt this method, then so long as we are considering a 
a 


mo * 


value of x different from a@ it will be found that the only peculiarity in the investigation is, that the 
quantity under the integral sign in the integrals we have to consider becomes infinite for one value 
of the variable; and it may be proved just as in Art. 20, that this circumstance has no effect on 
the result. If we are considering the value # = a, it will be found that the integral we shall have 
to consider will be 


~f : ~~ {f(a + = Bade =" a} PMO. Tere be (42), 


where p is first to be made infinite, and then ¢ may be supposed to vanish. If f(a +) + f(a —e) 
approaches a finite limit, or zero, when ¢ vanishes, as may be the case if f(v) changes sign in 
passing through @, it may be proved, just as in the case in which f(a) does not become infinite, 
that the above integral approaches the same limit as 4 {f(a+e)+f(a—e)$. In all cases 
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however in which f(w) does not change sign in passing through «, and in some cases in which 
it does change sign, f(a + «) + f(a—«) becomes infinite when ¢ vanishes. 


In such cases put for shortness 


fas 8) +fea-~“D = FO, 


sin y 7 7 
z e ag taken from 0 to—, from — to —.,,.. 
v v v 


and let the numerical values of the integral i; 


Seated sin 
or which is the same those of fant dé taken from 0 to z, from 7 to 27... be denoted by 


E 


I,, I,... 'Vhen evidently { >L>J,... Also, if ¢ be sufficiently small, F'(&) will decrease from 
—=0 to § =% if we suppose, as we may, F(£) to be positive. Hence the integral (42), which 
is equal to 


1 
= {EL F(G) —LFE,) + BF Gs) — --2}5 coevencee cas <ssaeeerae ae 
’ ee : Te 27 
where §£,, & ... are quantities lying between 0 and — , — and — ... is greater than 
v Vv v 
l 
- 17, F(&) ae I, F(&)}, 


if we neglect the incomplete pair of terms which may occur at the end of the series (43), and 
which need not be considered, since they vanish when y=. Hence, the integral (42) is 


1 
a fortiori > — (I, - I.) F(,). But &, vanishes and F'(£,) becomes infinite when y becomes infinite ; 
Tv 


and therefore for the particular value 2 =a the sum of the first m terms of the series (3) increases 
indefinitely with x. 

If a coincides with one of the extreme values 0 and a of x, the sum of the series (3) vanishes 
for v7 =a. This comes under the formula given above if we consider the sum of the series for 
values of w lying beyond the limits 0 and a. The same proof as that given in the present and last 
article will evidently apply if f(7) become infinite for several values of a, or if the series considered 
be (22) instead of (3). In this case, the sum of the series becomes infinite for «=a when 
a=0 or =4. 

23. Hence it appears that f(w) may be expanded in a series of the form (3) or (22), provided 


3 
only [f(«) dx be continuous. It should be observed however that functions like (sin “| » which 


become infinite or discontinuous an infinite number of times within the limits of the variable within 
which they are considered, have been excluded from the previous reasoning. 


Hence, we may employ the formule such as (26), (35), &c., to obtain the direct developement 
of f*(x), without enquiring whether it becomes infinite or not within the limits of the variable for 
which it is considered. All that is necessary is that f(w) and its derivatives up to the (u — 1)" 
inclusive should not be infinite within those limits, although they may be discontinuous. 


24. In obtaining the formule of Arts. 7 and 13, and generally the formulae which apply to 
the case in which A, or B, is given, and f(x) is unknown, it has hitherto been supposed that we 
knew a priori that f(«) was a function of the class proposed in Art. 1 for consideration, or at 
least of that class with the extension mentioned in the preceding article. Suppose now that we 
have simply presented to us the series (3) or (22), namely 


NTH nae 
or B, + =B, cos ——, 
a 


XA, sin 
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where A, or B, is supposed given, and want to know, first, whether the series is convergent, 
secondly, whether if it be convergent it is the direct developement of its sum f(7), and thirdly, 
whether we may directly employ the formule already obtained, trusting to the formule themselves 
to give notice of the cases to which they do not apply by leading to processes which cannot be 
effected. 


25. If the series 2A, or SB, is essentially convergent, it is evident a fortiori that the series 
(3) or (22) is convergent. 
c ; Qe - : ; 
If A, = S—cosny +C,, or if B, =S- sinny+C,, where SC, is essentially convergent, the 
n n 


given series will be convergent, as is proved in Art. 6. 


In either of these cases let f(v) be the sum of the given series. Suppose that it is the series 


: P ° : < qe IG 
of sines which we are considering. Let E, be the coefficient of sin 


of f(x). Then we have 


in the direct developement 


. Are . NTe 
f(@) = >A, sin —— = ZE, sin ant 
a 


and since both series are convergent, if we multiply by any finite function of z, @(z), and integrate, 
we may first integrate each term, and then sum, instead of first summing and then integrating. 


Taking p() = sin 


NTL 


, and integrating from «7 =0 to r=a, we get E, = A,, so that the given 


series is the direct developement of its sum f(#). The proof is the same for the series of 
cosines. 


5 A 7 d 1 i ; 
26. Consider now the more general case in which the series = — A, is essentially convergent. 
n 


The reasoning which is about to be offered can hardly be regarded as absolutely rigorous ; 
nevertheless the proposition which it is endeavoured to establish seems worthy of attention. 
Let w, be the sum of the first terms of the given series, and F'(m, x) the sum of the first m terms 
NTe 


. a 
of the series > — —— 4, cos 
ni 


Then we have 


[(Unim —U,) dx = F(n +m, wv) — F(n, x) =(n, z), suppose. ...... (44). 


‘ : 1 ; 3 aie 
Now by hypothesis the series = — A, is essentially convergent, and therefore a fortiori the 
n 


NTL 


‘ a 
series > — — A, cos 
nr 


Let the limits of # in (44) be a and # + Aa, and divide by Aa, and we get 


1 r+Ar Aw (n, # 
ai (tn +m — U,) de = AUER) 

Aa J, Av 

and as we have seen the limit of the second side of this equation when we suppose 7 first to 
become infinite and then Aw to vanish is zero. But for general values of x the limit will remain 


the same if we first suppose Aa to vanish and then m to become infinite; and on this supposition 
we have 


is convergent, and therefore \/(c , x) = 0, whatever be the value of m. 


limit of (v4, —U,) =0, forn= 0; 
so that for general values of w the series considered is convergent. 


To illustrate the assumption here made that for general values of « the order in which m and 
Aw assume their limiting values is immaterial, let W(y, 7) be a continuous function of « which 
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becomes equal to y(n, v) when y is a positive integer; and consider the surface whose equation 
is z=wW(y, 7). Since \y(c, #) = 0 for integral values of y, the surface approaches indefinitely to 
the plane vy when y becomes infinite; or rather, among the infinite number of admissible forms of 
W(y, @) we may evidently choose an infinite number for which that is the case, Now the assertion 
made comes to this; that if we cut the surface by a plane parallel to the plane wz, and at a 
distance m from it, the tangent at the point of the section corresponding to any given value of x 
will ultimately lie in the plane wy when ” becomes infinite, except in the case of singular, isolated 
values of x, whose number is finite between vw = 0 and 2 =a. For such values the sum f(@) of the 
infinite series may become infinite, while /f(v)da# remains finite. The assumption just made 
appears evident unless A, be a function of 2 whose complexity increases indefinitely with its 
rank, i.e. with the value of n. 


Since the integral of f(v) is continuous, f(v) may be expanded by the formula in a series 


‘ 5 a seme”, ‘ - 
of sines. Let E, be the coefficient of sin —— in its direct expansion; so that, 


a 
f(a) = 24, sin =™*, | 
5 (45) 
ces cberesceccesceccesccnens 5), 
f(a) = SE, sin, | 
a | 


where both series are convergent, except it be for isolated values of w. Consequently, we have. 
in a series which is convergent, at least for general values of a, 


NT wv 


0 = (4, — E,) sin =F Nara aeee ceahar toteaacssess (46). 
a 


The series (45) may become divergent for isolated values of w, and are in fact divergent for 
values of w which render f(x) infinite. But the first side of (46) being constantly zero, and the 
series at the second side being convergent for general values of x, it does not seem that it can 
become divergent for isolated values. Hence according to the preceding article the second side 
of the equation is the direct developement of the first side, i.e. of zero; and therefore E, = 4,, 
or the given series is the direct developement of its sum, which is what it was required to prove. 
The same reasoning applies to the series of cosines. 


It may be observed that the well known series, 


Sof CDR/G COS LW (COS BA o.5 sca snoessccsesnsncesaene (47); 


forms no exception to the preceding observation. This series is in fact divergent for general 
values of a, that is to say not convergent, and in that respect it totally differs from the series in 
(46). When it is asserted that the sum of the series (47) is zero except for = 0 or any multiple 
of 27, when it is infinite, all that is meant is that the limit to which the sum of the convergent 
series }.+ 2g" cos ma approaches when g becomes | is zero, except for w = 0 or any multiple of 27, 
in which case it is infinity. 


27. It follows from the preceding article that even without knowing @ priori the nature of the 
function f(v) we may employ the formule such as (35), provided that if m~* be the highest power 

1 : : : - : Ws 
of — required by the formula, and n~“C, the remainder in the expansion of 4,, the series 2 - C, 

n n 
be essentially convergent. For let G, be the sum of the terms as far as that containing 2~* in the 
expansion of A,, those terms having the form assigned by (35), that is to say cosines like cos ny 


- : 1 ; : 
coming along with odd powers of — , and sines along with even powers. Then 4, = G, + n-*C,, 
nr 
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Let G, sin = = F(a); 
then S (2) — F@) ==n-*C, sin et ADObDERGOEOGe Aosdion Senietars .. (48). 
: 5 du, , 
Now if @(w) = =u,, where the series 2w,, = 7 are both convergent, we may find (x) 
xv 
by differentiating under the sign of summation. This is evident, since by the theorem referred to 
d 
in Art. 2 (note), ‘we may find {= - dx by integrating under the sign of summation. Conse- 
x 
quently we have from (48) 
uml 1 ¢ 
f'-\(2) — FY"() = + (=) Se ee videse GO) 
a n cos a 


: ; 1 : ; ; : 
and since the series = - C, is essentially convergent, the convergency of the series forming the 
n 


term 


right-hand side of (49) cannot become infinitely slow (see Sect. III.), and therefore, the n 
being a continuous function of #, the sum is also a continuous function of w, and therefore 
f"(w) — F“(«) is a function which by Art. 23 can be expanded in a series of sines or cosines. 
But F*(@#) is also such a function, being in fact a constant, and therefore f’(w) is a function 


of the kind considered in Art. 23, which is what is assumed in obtaining the formula (35). 


It may be observed that these results do not require the assumptions of Art. 26 in the case in 
which the series SC, is essentially convergent, or composed of an essentially convergent series 


x ce . c ; ‘ : 
and of a series of the form = — sin my or ZS — cos my, according as C, is the coefficient of a 
n n 


cosine or of a sine. 


SECTION II. 


Mode of ascertaining the nature of the discontinuity of the integrals which are analogous 
to the series considered in Section I, and of obtaining the developements of the 
derivatives of the expanded functions. 


28. Ler us consider the following integral, which is analogous to the series in (1), 


fe BIT BWA Wsiecs costs satesee-e- sees en OO), 


where p(B) = = fF) Sin (3 alas. wseeeasen (51). 


Although the integral (50) may be written as a double integral, 


2 om pa 
= f [ f(a’) sin Ba sin Ba'dBda’...........---(52), 
Ti *i0) S40 
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the integration with respect to v must be performed first, because, the integral of sin Bw sin Ba’ dB 
a 

not being convergent at the limit «, ile sin Bx sin B2'd( would have no meaning. Suppose, 
0 


however, that instead of (52) we consider the integral, 


[fe sin Bw'sin Ba dBda' ....0..-+.2- (53), 


where h is a positive constant, and ¢ is the base of the Napierian logarithms. It is easy to see that 
at least in the case in which the integral (50) is essentially convergent its value is also the limit to 
which the integral (53) tends when / tends to zero as its limit. It is well known that the limit of (53) 
when / vanishes is in general f(w); but when w=0 the limit is zero; when w=a the limit is } f(a) ; 
and when f() is discontinuous it is the arithmetic mean of the values of f(«) for two values of « 
infinitely little greater and less respectively than the critical value. When «>a it is zero, and in 
all cases it is the same, except as to sign, for negative as for positive values of a. 


TY? 


We may always speak of the limit of (53), but we cannot speak of the integral (50) till we 
assure ourselves that it is convergent. Now we get by integration by parts, 


Sf) sin Bada’ = — af) cos Ba’ + a (x’) sin Ba’ — 7 VE (a’) sin Ba'dz’ ...... (54). 


When this integral is taken between limits, the first term will furnish a set of terms of the form 


CG oe : IG 
—cos Ba, where a may be zero, and the last two terms will give a result numerically less than — , 


: . dp. 
where Z is a constant properly chosen. Now whether a be zero or not, [cos Basin Ba de is 


convergent at the limit <2, and moreover its value taken from any finite value of 8 to B = © is 
the limit to which the integral deduced from it by inserting the factor e~”’ tends when h vanishes. 
The remaining part of the integral (50) is essentially convergent at the limit c. Hence the 
integral (50) is convergent, and its value for all values of w, both critical and general, is the limit to 
which the value of the integral (53) tends when h vanishes. 


29. Suppose that we want to find f’(#), knowing nothing about f(x), at least for general 
values of a, except that it is the value of the integral (50), and that it is not a function of the 
class excluded from consideration in Art. 1. We cannot differentiate under the integral sign, 
because the resulting integral would, usually at least, be divergent at the limit ©. We may 
however find f(x) provided we know the values of # for which f(a) and f’(«) are discontinuous, 
and the quantities by which f(x) and f(«) are suddenly increased as wv increases through each 
critical value, supposing the extreme values included among those for which f(«) or f(a) is 
discontinuous, under the same convention as in Art. 6. Let a be any one of the critical values 
of w; Q, Q, the quantities by which f(#), f(«) are suddenly increased as & increases through a; 
S the sign of summation referring to the critical values of w; @.(() the coefficient of sin Bx in 
the direct developement of f’(«) in a definite integral of the form (50). Then taking the integrals 
in (54) between limits, and applying the formula (51) to f(x), we get 


2 2 ; 
(8) = — B’p(B) + = BSQ cos Ba — = SQ, sin Ba. 
We may find @,(() in a similar manner. We get thus when y is even 


(- 1)? @,() = B' p(B) - = BY-! SQ cos Ba + - Bt-2 SQ, sin Ba +... 


KE 


Ae ee (55), 
Tv 
Vor. VIII. Parr V. 4C 
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where sines and cosines occur alternately, and two signs of the same kind are always followed by 
two of the opposite. The expression for p*(/3) when » is odd might be found in a similar manner. 
These formule enable us to express f“(#) when (3) is an arbitrary function which has to be 
determined, and f(0), &c. are given. 


30. If however dp (3) should be given, and f(0), &c. be unknown, #((3) will admit of expansion 
according to powers of /3~', beginning with the first, provided we treat sin 3a or cos Ba as if it 
were a constant coefficient ; and sin Ba, cos Ba will occur with even and odd powers of (3 respec- 
tively. The possibility of the expansion of @((3) in this form depends of course on the cireum- 
stance that d(x) is a function of the class which it is proposed in Art. 1, to consider, or at least 
with the extension mentioned in Art. 23. It appears from (55) that in order to express f(a) as a 
definite integral of the form (50) we have only got to expand ((), to differentiate (50) « times 
with respect to x, differentiating under the integral sign, and to reject those terms which appear 
under the integral sign with positive powers of 3 or with the power 0. The same rule applies 
whether « be odd or even. 


31. If we have given @(a), but are not able to evaluate the integral (50), we may notwith- 
standing that find the values of # which render f(z) or any of its derivatives discontinuous, and 
the quantities by which the function considered is suddenly increased. For this purpose it is only 
necessary to compare the expansion of @(/3) with the expansion 


9g (7) 
~ ~ 


ay SQ cos Ba — 


given by (55), just as in the case of series. 


$(B) = aS @ sin Ga eer see (oC) 


xB 


We may easily if we please clear the function (3) of the part for which f(x) or any one of 
its derivatives is discontinuous, or does not vanish for «= 0 and «=a. For this purpose it will be 
sufficient to take any function /'(#) at pleasure, which as well as its derivatives of the orders 
considered has got the same discontinuity as f(#) and its derivatives, to develope F(x) in a definite 


integral of the form f[ “(B) sin Bad by the formula (51), and to subtract /(7) from f(«v) and 
0 


(3) from (8). It will be convenient to choose such simple functions as @ + mw + na’; 
Zsina + mcosw; le~*+me—**, &c. for the algebraical expressions of #(#) for the several 
intervals throughout which it is continuous, the functions chosen being such as admit of easy 
integration when multiplied by sin Bada, and which furnish a sufficient number of indeterminate 
coefficients to allow of the requisite conditions as to discontinuity being satisfied. These conditions 
are that the several values of Q, Q,, &c. shall be the same for (a) as for f(«). 


a 
32. Whenever if f(«) da is essentially convergent, we may at once put a=©@ in the 
0 


preceding formule. For, first, it may be easily proved that in this case, (though not in this case 
only,) the limit of (53) when h vanishes is f(a); secondly, the limit of (53) is also the value of 
(52); and, lastly, all the derivatives of f(#) have their integrals, (which are the preceding 
derivatives,) essentially convergent, and therefore co may be put for a in the developements of the 
derivatives in definite integrals, 


When f(#) tends to zero as its limit as # becomes infinite, and moreover after a finite value 
of w does not change from decreasing to increasing nor from increasing to decreasing, 


if eG sin Ba'da’ 
0 
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a 
will be more convergent than ah f(a’) sin Ba'da’, and the latter integral will be convergent, and 
0 


its convergency will remain finite* when vanishes. In this case also we may put a = ©. 

Thus if f(x) = sin a(b* + w*)-", we may put a = o& because f(z) has its integral essentially 
convergent: if f(~) = (b+ «)~4, we may put a= because f(x) is always decreasing to zero 
as its limit. But if f(7) = sin/w (6 + v)~4, the preceding rules will not apply, because f(z), 
though it has zero for its limit, is sometimes increasing and sometimes decreasing. And in fact in 
this case the integral in equation (51) will be divergent when 3=/, and (8) will become infinite 
for that value of 8. It is true that f(z) is still the limit to which the integral (53) tends when 
h vanishes; but I do not intend to enter into the consideration of such cases in this paper. 


33. When o may be put for a, and f(v) is continuous, we get from (55) 


(= 1)", (B) = BY (B) ~ = Bf 00) + = BF") = + (- 1) = BPO). ne GD. 


In this case d(/3) will admit of expansion, at least to a certain number of terms, according to 
odd negative powers of 3. If we suppose (3) known, and the expansion performed, so that 


(8) = H,8- + H.8-* + H,B + ... 


and compare the result with (49), we shall get 
f0)== Hy; f"0)=+-= Hs f'0)=2 Mh; ke... (58). 


34. The integral 
i u AACS) COS Ra Syn oe tenleica gue clves Haan ons <s'c=b as sabivese sale (59), 
0 


where VW (8) = = [Fe COSI OG! AW Ma. eninacdaen aces eotemncreene ce (60), 
T 0 


which is analogous to the series (22), is another in which it is sometimes useful to develope a function 
or conceive it developed. For positive values of w the value of (59) is the same as that of (50). 
When & = 0 the value is (0); and for negative values of x it is the same as for positive. It is 
supposed here that the integral (59) is convergent, which it may be proved to be in the same 
manner as the integral (50) was proved to be convergent. 

Suppose that we wish to find, in terms of y/((), the developement of f*(w) in a definite 
integral of the form (50) or (59), according as « is odd or even. We cannot differentiate under 
the integral sign, because the resulting integral would be divergent. We may however obtain the 
required developement by transforming the expression \/ (3) by integration by parts, just as before. 
We thus get for the case in which « is odd 


(-1)* 4 (B) = BB) + — BY SQ sin Ba + = B* SQ, c0s Ba — ... 


Ha 
+ (-1)? = SQ, _, sin Ba, ...... (61), 


where ¢, (() is the value of @({) in the direct developement of f*(«) in the integral (50). In the 
same way we may get the value of yy,({) when u is even, \,(3) being the value of y(@) in the 
direct developement of f*(v) by the formul (59), (60). 


* See next Section. 
4C2 
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The equation (61) is applicable to the case in which y/(3) is an arbitrary function, and a, 
Q, &e., are given. If however \,((3) should be given, we may find p, (8) or wW,(8) by the same 


rule as_ before. 


In the case in which (3) is given, we may find the values of a, Q, &c., without being able to 
evaluate the integral (59). For this purpose it is sufficient to expand y,((3) according to negative 
powers of (3, and compare the expansion with that furnished by equation (61). 


35. The same remarks as to the cases in which we are at liberty to put c for a apply to (60) 
as to (51), with one exception. In the case in which f() approaches zero as its limit, and-is at 
last always decreasing numerically, or at least never increasing, as # increases, while /f(w) da is 
divergent at the limit <, it has been observed that @() remains finite when 6 vanishes. This 
however is not the case with \/((), at least in general. I say in general, because, although 


| f (2) dx increases indefinitely with its superior limit, we are not entitled at once to conclude from 
0 


thence that f cos 3.x f(«) dx becomes infinite when (3 vanishes, as will appear in Section III. It may 
0 


be shown from the known value of fam cos 3ada, where 1 >” > 0, that if f(w) = F(#) + Ca-", 


0 
where F'(w) is such that {F (x) dz is convergent at the limit <, y/() becomes infinite when 3 
vanishes; and the same would be true if there were any finite number of terms of the form Ca~". 
There is no occasion however to enquire whether \,((3) always becomes infinite : the point to consider 
is whether the integral (59) is always convergent at the limit zero. 


In considering this question, we may evidently begin the integration relative to a’ at any 
value x, that we please. Suppose first that we integrate from w = a, to w’ = X, and let w(B) be 
the result, so that 


aw (B) = = (7@) cos Bx’ da’. 


Let (3) be the indefinite integral of w(3)d3: then, ¢ being a positive quantity, we get from 
the above equation 


, 


OP x ; : Ai! 
aw, (3) - a (c) = =) f(a’) }sin Ba’ — sin cat 
sin Ba’ 


dx’ is a convergent integral, and its convergency 


Now put X =o. Then since [ f@) 


d 


remains finite (Art. 39.) when (3 vanishes, as may be proved without much difficulty, its value 
cannot become infinite, and therefore a,((3) does not become infinite when 3 vanishes. Now 


fa(B) cos Ba dB = a,(B) cosBa+xrfa,(B) sinBadp, ......... (62), 


when « is positive; and when zw = 0, 


J (B) d(B) = w,(8): 
hence in either case {[w@((3) cos 3xd is convergent at the limit zero, Now the quantity by 
which w((3) differs from \/(/3) evidently cannot render (59) divergent, and therefore in the case 
considered the integral (59) is convergent at the limit zero. 


By treating f 2) e~"® cos Bad in the manner in which /aw() cos BxdB is treated in 


0 
(62), it may be shown that the convergency of the former integral remains finite when h vanishes. 
Hence, not only is the integral (59) convergent, but its value is the limit to which the integral 
similar to (53) tends when A vanishes. 
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When f(z) is continuous, and ¢ may be put for a, we have from (61) 


(1) * 9,(8) BW) + 2 BF © ~ BMI") Ha + (DF = AKO.» (63). 


If (8) be given we can find the values of f’(0), f’"(0) ... just as before. 
36. The integral 
1 


- [feos B (a - D(a at, Beka sonecensnntnadvndsu (US)y 


Tig San, 
in which the integration with respect to 2 is supposed to be performed before that with respect 
to (3, so that the integral has the form 


[x®) cos Ba dB + fo) SA SNE oar ees oaleav in wes (OS) 


may be treated just as the integral (59); and it may be shown that in the same circumstances we 
may replace the limits — a, and a by — ©, + respectively. If we suppose x(() and (8) 
known, we may find as before the values of # for which f(«), f'(v) ... are discontinuous, and the 
quantities by which those functions are suddenly increased. We may also find the direct develope- 
ment of f’(xv), f(a)... in two integrals of the form (65); and we may if we please clear the 
integrals (65) of the part which renders f(a), f’(v) .-. discontinuous. 


37. In the developement of f(«) in an integral of the form (50) or (59), or in two integrals 
of the form (65), it has hitherto been supposed that f(#) is not infinite. It may be observed 
however that it is allowable to suppose f(a) to become infinite any finite number of times, provided 
[f(«) dw be essentially convergent about the values of « which render f(#) infinite. This may be 
shown just as in the case of series. Hence, the formula such as (55) which give the develope- 
ment of f*(#) are true even when f*(2) is infinite, f*~'(«) being finite. 


SECTION III. 


- On the discontinuity of the sums of infinite series, and of the values of integrals 
taken between infinite limits. 


38. Ler Ci TES Sys Ee eg Mrs Son Le Pad (i) 
be a convergent infinite series having U for its sum. Let 
RET RUN Reet IR ect ee ee seh ok Seine s ve dian sided conana need OD) 


be another infinite series of which the general term v, is a function of the positive variable h, and 
becomes equal to w, when h vanishes. Suppose that for a sufficiently small value of h and all 
inferior values the series (67) is convergent, and has V for its sum. It might at first sight be 
supposed that the limit of V for 4 = 0 was necessarily equal to U. This however is not true. For 
let the sum to terms of the series (67) be denoted by f(”, h): then the limit of V is the limit 
of f(m, h) when n first becomes infinite and then h vanishes, whereas U is the limit of f(n, 4) when 
h first vanishes and then m becomes infinite, and these limits may be different. Whenever a dis- 
continuous function is developed in a periodic series like (15) or (30) we have an instance of this; 
but it is easy to form two series, having nothing to do with periodic series, in which the same 
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happens. For this purpose it is only requisite to take for f(m, h) — U,, (U, being the sum of the 
first m terms of (66),) a quantity which has different limiting values according to the order in which 
n and h are supposed to assume their limiting values, and which has for its finite difference a 
quantity which vanishes when » becomes infinite, whether / be a positive quantity sufficiently small 
or be actually zero. 


For example, let 


2nh 
h) — U,= Saeed aenmabe aie ncteckies tne 68), 
F(msh) ETS (G8) 
which vanishes when 2 = 0. Then 
2h 
/ yes =v = Ua ; 
AAS (a sh) — Us} = Yass — Mars (nh +1) (mh +h +1) 
] 1 
Assume U, =1 — ——., so that wu, = AU,_,; = ————_.,, 
m+) n(n + 1) 
and we get the series 
1 1 1 
ese = Fy seweseiccccses TR: a eee 69), 
OMTES eee | 9) 
1+5h A(h+2)n°+h(4—h)n+1-h 


2(1+h) n(n +1) §(n —1)h+1} (nh +1) ree 


which are both convergent, and of which the general terms become the same when fh vanishes. 
Yet the sum of the first is 1, whereas the sum of the second is 3. 


If the numerator of the fraction on the right-hand side of (68) had been prh instead of 
2nh, the sum of the series (70) would have been p +1, and therefore the limit to which the sum 
approaches when # vanishes would have been p+1. Hence we can form as many series as we 
please like (67) having different quantities for the limits of their sums when # vanishes, and yet 
all having their x" terms becoming equal to «, when h vanishes. This is equally true whether the 
series (66) be convergent or divergent, the series like (67) of course being always supposed to be 
convergent for all positive values of A however small. 


39. It is important for the purposes of the present paper to have a ready mode of ascertaining 
in what cases we may replace the limit of (67) by (66). Now it follows from the following theorem 
that this substitution may at once be made in an extensive class of cases. 


Tureorem. The limit of V can never differ from U unless the convergency of the series (67) 
become infinitely slow when h vanishes. 


The convergency of the series is here said to become infinitely slow when, if » be the number 
of terms which must be taken in order to render the sum of the neglected terms numerically less 
than a given quantity e which may be as small as we please, m increases beyond all limit as h 
decreases beyond all limit. 


Demonstration. If the convergency do not become infinitely slow, it will be possible to find 
a number 2, so great that for the value of 4 we begin with and for all inferior values greater than 
zero the sum of the neglected terms shall be numerically less than e. Now the limit of the sum of 
the first , terms of (67) when h vanishes is the sum of the first 2, terms of (66). Hence if e’ be the 
numerical value of the sum of the terms after the 2," of the series (66), U and the limit of V cannot 
differ by a quantity so great ase+e’. But e and e’ may be made smaller than any assignable 
quantities, and therefore U is equal to the limit of V. 


Cor. 1. If the series (66) is essentially convergent, and if, either from the very beginning, or 
after a certain term whose rank does not depend upon A, the terms of (67) are numerically less than 
the corresponding terms of (66), the limit of V is equal to U. 
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For in this case the series (67) is more rapidly convergent than (66), and therefore its 
convergency remains finite. 


Cor. 2. If the series (66) is essentially convergent, and if the terms of (67) are derived from 
those of (66) by multiplying them by the ascending powers of a quantity g which is less than 1, 
and which becomes 1 in the limit, the limit of V is equal to U. 


It may be observed that when the convergency of (67) does not become infinitely slow when A 
vanishes there is no occasion to prove the convergency of (66), since it follows from that of (67). 
In fact, let V, be the sum of the first 2 terms of (67), U, the same for (66), V, the value of V for 
h=0. Then by hypothesis we may find a finite value of m such that V— V,, shall be numerically 
less than e, however small # may be; so that 


V=V, + a quantity always numerically less than e. 


Now let # vanish: then V becomes V, and V, becomes U,. Also e may be made as small as we 
please by taking m sufficiently great. Hence U, approaches a finite limit when m becomes infinite, 
and that limit is Vj. 

Conversely, if (66) is convergent, and if U = V,, the convergency of the series (67) cannot 
become infinitely slow when / vanishes. 

For if U,/, V,/ represent the sums of the terms after the n“ in the series (66), (67) respectively, 
we have 


f= Ve A Vers U= U, aD Tats 
whence V,/=V-U-(V,-U,)+U,: 


Now V-U, V,—U, vanish with h, and U,' vanishes when » becomes infinite. Hence for a 
sufficiently small value of h and all inferior values, together with a value of sufficiently large, and 
independent of h, the value of V,’ may be made numerically less than any given quantity e however 
small; and therefore, by definition, the convergency of the series (67) does not become infinitely 
slow when h vanishes. 


On the whole, then, when the convergency of the series (67) does not become infinitely slow 
when hf vanishes, the series (66) is necessarily convergent, and has V, for its sum: but in the 
contrary case there must necessarily be a discontinuity of some kind. Either / must become infinite 
when h vanishes, or the series (66) must be divergent, or, if (66) is convergent as well as (67), 
U must be different from Vy. 

When a finite function of x, f(v), which passes suddenly from M to N as @ increases through a, 
where a > a > 0, is expanded in the series (15) or (30), we have seen that the series is always 
convergent, and its sum for all values of « except critical values is f(w), and for w =a its sum is 
4(M+N). Hence the convergency of the series necessarily becomes infinitely slow when a — « 
vanishes. In applying the preceding reasoning to this case it will be observed that h is a — 2, 
V,is M, and Uis }(M+N), if we are considering values of x a little less than a; but h isw—a 
and V, is N, if we are considering values of @ a little greater than a. 


When the series (66) is convergent, as well as (67), it may be easily proved that in all cases 
U=P/,-L, 


where L is the limit of V,’ when h is first made to vanish and then m to become infinite. 
40. Reasoning exactly similar to that contained in the preceding article may be applied to 
~@® 
integrals, and the same definitions may be used. Thus if | F(a, h) dex is a convergent integral, 
a 


we may say that the convergency becomes infinitely slow when h vanishes, when, if X be the 
superior limit to which we must integrate in order that the neglected part of the integral, or 
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[ F@ h) da, may be numerically less than a given constant e which may be as small as we 
x 


please, X increases beyond all limit when vanishes. 


The reasoning of the preceding article leads to the following theorems. 


If V= [" F(w,h) da, if V, be the limit of 7 when h = 0, and if F(2, 0) = fo); then, if 
the bonverseney of the integral V do not become infinitely slow when h vanishes, [ f@) dx must 
be convergent, and its value must be Vj). But in the contrary case either V mee becone infinite 
when hf vanishes, or the integral f f@) dx must be divergent, or if it be convergent its value 

a 


must differ from V,. 


2 . . : 
When the integral i) f(«) da is convergent, if we denote its value by U, we shall have in all 
a 


cases 


Wie Vaca. 


where L is the limit to which ie F(«, h) dx approaches when Ah is first made to vanish and then 
x 


X to become infinite. 


The same remarks which have been made with reference to the convergency of series such as 
(15) or (30) for values of 2 near critical values will apply to the convergency of integrals such 
as (50), (59) or (65). 

The question of the convergency or divergency of an integral might arise, not from one of the 
limits of integration being c , but from the circumstance that the quantity under the integral sign 
becomes infinite within the limits of integration. The reasoning of the preceding article will 
apply, with no material alteration, to this case also. 


41. It may not be uninteresting to consider the bearing of the reasoning contained in this 
Section and a method frequently given of determining the values of two definite integrals, more 
especially as the values assigned to the integrals have recently been called into question, on account 
of their discontinuity. 


Consider first the integral 


® sinaw . 
u =a (ibs eooede co smendcoocoaases donk ({/1l)). 
f a 


where a is supposed positive. Consider also the integral 


v= | Eades dau 
f v 
It is easy to prove that the integral v is convergent, and that its convergency does not become 
infinitely slow when h vanishes. Consequently the integral w is also convergent, (as might also be 
proved directly in the same way as in the case of v,) and its value is the limit of w for h = 9. 
But we have 
dv 


Whe 


a 


N 


i] 
- if e"*sinavda —— 
rs a +h* 


> 


whence v =C —tan"? 


Sr 
SS 
i) 
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. ° . Tv 
and since v evidently vanishes when h = ©, we have C = at whence 
7 meh 7 
e=—-— tan” -,; #=—; 
2 a 2 
ce : : 2 ; ; 
Also u = 0 when a = 0, and wu = — = when a is negative, since « changes sign with a. By the 


~ 


x sin ax 


value of w for a = 0, which is asserted to be 0, is of course meant the limit of [ da when 


Jan am 
a is first made to vanish and then X made infinite. 


It is easily proved that the convergency of the integral ~ becomes infinitely slow when a 
vanishes. In fact if 
u = j 


x 


-2 sinax 


a, 
xr 


we get by changing the independent variable 


2 sin xv 
ue = “3 ———— g's 
ax @ 


but for any given value of X, however great, the value of «’ becomes when a vanishes Ai 
x 
0 


an integral which might have been very easily proved to be greater than zero even had we been 
unable to find its value. It readily follows from the above that if w’ has to be less than e the value 
of X increases indefinitely as a approaches to zero. 


2 sing 


— dz, 


42. Consider next the integrals 
»cosavdx 2 cosaxda 
w= f =F ve f el} Bees ey nuaigh assed aden ds (72). 
0 1+@ 0 1+2 

It is easily proved that the convergency of the integral v does not become infinitely slow when 
h vanishes, whatever be the value of a. Consequently w is in all cases the limit of v for h = 0. 
Now v satisfies the equation 

av 

da 


h 
teva 


x 
—v=- f e* cosaxda = 
f : 


It is not however necessary to find the general value of »; for if we put h=0 we see that u 
satisfies the equation 


so long as a is kept always positive or always negative: but we cannot pass from the value of u 
found for positive values of a to the value which belongs to negative values of a by merely writing 
—a for a in the algebraical expression obtained. For although w is a continuous function of a, it 


Ch) Biome es J : : 
readily follows from (73) that TEA discontinuous. In fact, we have from this equation 


(=) E. (=) = edn ete 
dal ¥-y AG} a= a h 


A ~ . 
Now let A first vanish and then A. Then wv becomes u, and she vda vanishes, since v does not 
=A 


Von Vir. Parr V. 4D 
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A du. 
become infinite for @ = 0, whether h be finite or be zero. Threfore = is suddenly decreased by 
a 


a as a increases through zero, as might have been easily proved from the expression for « by means 
of the known integral (71), even had we been unable to find the value of ~ in (72). The equation 
(74) gives, a being supposed positive, 

u=Ce*+C'e’. 


re dea 


. . " 3 A 7 
But w« evidently does not increase indefinitely with a, and w =| ; Z=5 when a =0; 
fy tle | 
7 T € ‘ 5 . 
whence C =0, C=—, u=—e™%. Also, since the numerical value of « is unaltered when the 


. . T . . 
sign of a is changed, we have wu = ee when a is negative. 


It may be observed that if the form of the integral « had been such that we could not have 
inferred its value for a negative from its value for @ positive, nor even known that w is not infinite 
for a=—c, we might yet have found its value for a@ negative by means of the known continuity 


: en du : ; 
of w and discontinuity of a when @ vanishes. For it follows from (74) that «= C,e’+C.e~* for «@ 
da 


negative; and knowing already that w = 


15 


e~‘ for a positive, we have 


wa 


Tv 

C, + Cos ah os Oe 
Tv Tv a 

whence C, = me C,=0, u= = e’, for a negative. 


; ae 7 ro hie 
Of course the easiest way of verifying the result «= = e~“ for a positive is to develope e~* for 


x positive in a definite integral of the form (59), by means of the formula (60). 


SECTION, IV. 
Examples of the application of the formule proved in the preceding Sections. 


43. Brrore proceeding with the consideration of particular examples, it will be convenient 
to write down the formula which will have to be employed. Some of these formule have been 
proved, and others only alluded to, in the preceding Sections. 


In the following formulz, when series are considered, f(a) is supposed to be a function of « 
which, as well as each of its derivatives up to the (« — 1)" order inclusive, is continuous between 
the limits # = 0 and w = a, and which is expanded between those limits in a series either of sines 

x 


3 Te z c : . nT eet 
or of cosines of — and its multiples. 4, denotes the coefficient of sin when the series is one 
a a 


: ; Te Seige : ae 
of sines, B,, the coefficient of cos when the series is one of cosines, 4,” or B,' the coefficient of 


a 


| are no 
sin —— or cos 
a 


th 


in the expansion of the »'" derivative. When integrals are considered, f(«) 
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and its first 4 — 1 derivatives are supposed to be functions of the same nature as before, which 
are considered between the limits a =0 and w= 2; and it is moreover supposed that f(x) 


decreases as # increases to c , sufficiently fast to allow jh f(x) dz to be essentially convergent at the 
limit o>, or else that f(a) vanishes when w = c, and after a finite value of x never changes from 
increasing to decreasing nor from decreasing to increasing. (3) or v(() denotes the coefficient 


of sin Ba or cos Bw in the developement of f(x) in a definite integral of the form aS ~B sin Bedzx 
0 


or tis V/(P) cos Bada, p,() or W,(8) denotes the coefficient of sin Bx or cos Bz in the deve- 
1) 


lopement of the mu derivative of f(v). The formule are 


(=? Br = (%)"4, -2 (2) tr - nr} 


a a\a 
+= (“Z)" ro —(-1)"f’ (@} -«.. (@ odd).........00. (A), 

(-1)? 4 = (*)"4,-=(=2)" {f) -(-Y'F@} +... u even)............(B), 

sei AEE (")'s, ia $F: 00) = SIRF GG)} Hive. v(utedd)u-2edececks (Cy, 
(-1)? Be = (=) B,+ = (22) $F) = (-1)"f'(a)} —... (w even)... ceceee (D), 


except when 2 = 0, in which case we have always 
Be =~ {f(a — PO}, 
B, being the constant term in the expansion of f“(w) in a series of cosines. 
In the formule (A), (B), (C), (D) we must stop when we have written the term containing 


nT . 
the power 1 or 0, (as the case may be,) of —-. The formule for integrals are 
a 


(=) YB) = Bp (B) ~ = BF) + = BEF" (0) ~ 2s (Odd )easseseeceree (a), 
(= 1) GB) = Bp B) - =A F(0) + = BEPC) — os (ue evER) eeeeeesnsee 0, 

(= 1) ¥ (8) = BB) += BF (0) — 2 BP (0) + oa (HOM) easeeenee ( 
(= °Y,B) = BB) + = BF ) == BF (0) + oes ie CFE) var eneee ...(d). 


where we must stop with the last term involving a positive power of 3 or the power zero. 


44. As a first example of the application of the principles contained in Sections I. and II. 
suppose that we have to determine the value of @ for values of x lying between 0 and a, 0 and } 
respectively, from the equation 


ee ele a hers 
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with the particular conditions 


dp a 


w(v@—4a), when y=0 or =b............(76), 
dy 
d 
es wy - 45), when! a?=0)0L) =@ ssccecnecces CIT) 


This is the problem in pure analysis to which we are led in seeking to determine the motion 
of a liquid within a closed rectangular box which is made to oscillate. 


For a given value of y, the value of @ can be expanded in a convergent series of cosines of 
Te 


and its multiples; for another value of y, d can be expanded in a similar series with different 
a 


coefficients, and so on. Hence, in general, @ can be expanded in a convergent series of the form 


>Y,, cos Polateie cjecsivias.caelewigciescow eas sect (iG) » 


where Y,, is a certain function of y, which has to be determined. 


In the first place the value of @ given by (78) must satisfy (75). Now the direct developement 


in a series of cosines will be obtained from (78) by differentiating under the sign of sum- 


& 
mation ; the direct developement of = will be given by the formula (D). We thus get 
é ri had 


WT Uv 


ems on RS 
a 


@Y, nx 
S cm 
dy’ a 
and the left-hand member of this equation being the result of directly developing the right-hand 
member in a series of cosines, we have 


CY, na Aw 
— - —— Te Ea 3) or=" 05 


2 
Yo + 2 fr (=) = Bb cos: 


according as m is odd or even. This equation is easily integrated, and the integral contains two 
arbitrary constants, C,, D,, suppose. It only remains to satisfy (76). Now the direct developement 


a 


of rae will be obtained by differentiating under the sign of summation, and the direct develope- 


y 
: é 4a Tre 3 : 
ment of w(a — $a) is easily found to be - 2, —— cos ——, the sign =) denoting that odd values 
mn a 
only of m are to be taken. We have then, both for y = 0 and for y = b, 
dY,, 4m 
= — — or = 
dy wn ‘ 


according as ” is odd or even, which determines C,, and D,,. 


It is unnecessary to write down the result, because I have already given it in a former paper *. 
where it is obtained by considerations applicable to this particular problem. The result is con- 
tained in equation (4) of that paper. The only step of the process which I have just indicated 
which requires notice is, that the term containing (a — 4a) (y—4b) at first appears as an infinite 


* Supplement to a Memoir ‘On-some Casesof Fluid Motion,’ p. 409 of the present Volume. 
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series, which may be summed by the formula (41). The present example is a good one for 
showing the utility of the methods contained in the present paper, inasmuch as in the Supplement 
referred to I have pointed out the advantage of the formula contained in equation (6), with respect 
to facility of numerical calculation, over one which I had previously arrived at by using develope- 
ments, in series of cosines, of functions whose derivatives vanish for the limiting values of the 
variable. 


45. Let it be required to determine the permanent state of temperature in a rectangle which 
has two of its opposite edges kept up to given temperatures, varying from point to point, while 
the other edges radiate into a space at a temperature zero. ‘The rectangle is understood to be a 
section of a rectangular bar of infinite length, which has all the points situated in the same line 
parallel to the axis at the same temperature, so that the propagation of heat takes place in two 
dimensions. 

Let the rectangle be referred to the rectangular axes of x, y, the axis of y coinciding with one 
of the edges whose temperature is given, and the origin being in the middle point of the edge. 
Let the unit of length be so chosen that the length of either edge parallel to the axis of « shall be 
a, and let 2 be the length of each of the other edges. Let « be the temperature at the point 
(v, y), A the ratio of the exterior, to the interior conductivity. Then we have 


du du 


—— +4. - =e aiaiatelsisinie oleic salsa cine sien wae Uh ’ 
dz’ dy re 


du 

aa i hu = 0, when y = — B.......2...000 (80), 

du j ; 

— = (05, W <n © Bie ry ore Pere ee 81), 

iy + hu when y = 3 (81) 
OY) a WHEN ee 80) ssn esc eaencese ss (82), 


= F'(Y), When a =a 6.05 a cseoteeseceeed( 83) 


f(y), Fy) being the given temperatures of two of the edges. 

According to the method by which Fourier has solved a similar problem, we should first 
take a particular function Ye’, where Y is a function of y, and restrict it to satisfy (79). This 
gives Y = Acos\y + BsinXy, A and B being arbitrary constants. We may of course take, still 
‘satisfying (79), the sum of any number of such functions. It will be convenient to take together 
the functions belonging to two values of \ which differ only in sign. We may therefore take, by 
altering the arbitrary constants, 

u = Sf Ad(e"-* — -N*) + B(e* — e-™*)} cosdy, 
+ STE — 6) + DEE - e~*)} sin Ay....-....--.(84); 

in which expression it will be sufficient to take only one of two values of \ which differ only by 
sign, so that \, if real, may be taken positive. Substituting now in (80) and (81) the value of x 
given by (84), we get either C = 0, D = 0, and 

AWS tan Siam MG oc ecae wcesecanes snaewoecal Gays 
or else 4 = 0, B=0, and 

NE RCOUA i= — BD 52. 00 ccosceceacsveesses(Oa)s 


It is easy to prove that the equation (85), in which A$ is regarded as the unknown quantity, 


has an infinite number of real positive roots lying between each even multiple of = , including zero, 
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and the next odd multiple. The equation (86) has also an infinite number of real positive roots 
; cs j : 
lying between each odd multiple of = and the next even multiple. The negative roots of (85) and 


(86) need not be considered, since the several negative roots have their numerical values equal to 
those of the positive roots; and it may be proved that the equations do not admit of imaginary 
roots. The values of \ in (84) must now be restricted to be those given by (85) for the first line, 
and those given by (86) for the second. It remains to satisfy (82) and (83). Now let 


fy) +f(-y =2f,%, fY)-f(-y =2f-(%), 
F(y)+F(-y)=2F,Qy), Fy) - #(-y) = 2F.(y): 


then we must have for all values of y from 0 to , and therefore for all values from — £8 to 0, 


LALcosr\y=f,y), DBL cosry = F,(y)...2..cccccecee (87), 
LCM sin py =f2(y), 2ZDMsin wy = Fi(y) «..-...0.00- (88), 
where ES ers Mea eS 


» denoting one of the roots of the equation 


ja COL 0S = —=«h B2,-a eee seaec cesses eal G9)s 


and the two signs = extending to all the positive roots of the equations (85), (89), respectively. 
To determine A and B, multiply both sides of each of the equations (87) by cos N’ydy, »’ being 
any root of (85), and integrate from y=0toy= 3. The integral at the first side will vanish, by 


1 
virtue of (85), except when \’ =A, in which case it will become rt (2AB + sin 2/3), whence A 


and B will be known. Cand D may be determined in a similar manner by multiplying both sides 
of each of the equations (88) by sin «’ydy, »’ being any root of (89), integrating from y = 0 to 
y = 3, and employing (89). We shall thus have finally 


u = 42d (2AGB + sin 2A) ~*(e* — 627) —7 { (Ae? — e--7) fA) cosAydy 
0 
AL AL B 
+ (e** — e~””) df F;(y) cosry dy} cos ry, 


+ 43p(2mp — sin 2uB) (et = emt (Lm? — eH)" Fy) sin uydy 


+ (4? — e~*”) & F.(y) sin pydy} sin py ......0.. (90). 
0 


46. Such is the solution obtained by a method similar to that employed by Fourier. A 
solution very different in appearance may be obtained by expanding w in a series 2Ysinnw, and 
employing the formula (B). We thus get from the equation (79) 


Dis ta 


2y } 
Te 4 LF) - (- FW} =o 


which gives 


1,9 ; : : é 
Y= Ae’ + Be’ — — He sfly) -(- 1)"F(y')t (e4-Y) — e"¥-9)) dy’; 
T Ho 
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whence, = = DY’ sin na, where 


y 
Y'=nAe'¥ —nBe-"d — = Wh ify’) -(- 1)"F(y')t (8 9-Y + e-*9-Y) dy’. 
To 


The values of A and B are to be determined by (80) and (81), which require that 
dV 
— + = h = 
a hY =0 when y = +7. 

We thus get 


(n + h) "8A —(n—h) e-"®B- -/* fy) -(- IY FY) {(n +h) OY + (n- h) e~*®-9} dy’=0, 


and the equation derived from this by changing the signs of h and (3: whence the values of 
A and B may be found. We get finally 


i= SVASIM GAL TEL Sone eteeen coe es ee (91), 
where 


1 : 
Vee S(n +h)" —(n - Ajer se (e"4 + e7") fe S(n +h) 8-9) 4 (n —h) e7 "E-VY 
7 0 
hily’) — (— 1" Fy(y)} dy’ 


1 Y r ‘ , , ‘ 
<= f (COP OY) {A) —(- YFY)} dy 
T~o 
1 8 F 
+ —\(n+h) ec"? + (n —h) et! (e"Y — e-"Y) f {(n + h) ®8-/) + (nm — h) "8-1? 
7 0 


tly) — (- 1)" F.(y')} dy’ 
= ~f Cee SAG OCI HG fay. a ae Pee as). 


47. The two expressions for w given, one by (90), and the other by (91) and (92), are 
necessarily equal for values of w and y lying between the limits 0 and x, — 6 and 2 respectively. 
They are also equal for the limiting values y= — 6 and y=, but not for the limiting values 
‘w@ = 0 and w =7, since for these values (91) fails; that is to say, in order to find from this series 
the value of w for v= 0 or w= 7. we should have jirst to sum the series, and then put r=0 
Or HS ae 


The comparison of these expressions leads to two remarkable formule. In the first place it 
will be observed that the first and second lines in the right-hand side of (92) are unchanged when 
y changes sign, while the third and fourth lines change sign with y. This is obvious with respect 
to the first and third lines, and may be easily proved with respect to the second and fourth by 
taking — y’ instead of y’ for the variable with respect to which the integration is performed, and 
remembering that f\(y), #:(y) are unchanged, and f.(y), F.(y) change sign, when y changes sign. 
Consequently the part of « corresponding to the first two lines of (92) is equal to the part expressed 
by the first two in (90), and the part corresponding to the last two lines of (92) equal to the part 
expressed by the last two in (90). Hence the equation obtained by equating the two ex- 
pressions for w splits into two; and each of the new equations will again split into two in con- 
sequence of the independence of the functions f, F, which are arbitrary from y=0 to y= £. 
As far however as anything peculiar in the transformations is concerned, it is evident that we may 
suppress one of the functions f, F, suppose F, and consider only an element of the integral 
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by which f is developed, or, which is the same, suppose f,(y') or f(y’) to be zero except for values 
of the variable infinitely close to a particular value y’, and divide both sides of the equation by 


SAY) dy or ff.(y) ay. 
We get thus from the first two lines of (90) and the first two of (92), supposing y and y’ pesitive, 
and 7’ the greater of the two, 
4X eh (-*) = 7h -*) 


SS / 
p> i = ———_———. cosAy cosvry 
2AB+sin2r1B  &"—e%* - ; 


1 Pur] a e7"Y n +h eXB-y) 4 We h e"B-y)) ; 
-> ( ) i ) ( = ) S sin Mh, 26 (93); 


oe (nm +h)? — (n—h)e-# 
where the first = refers to the positive roots of (85), and the second to positive integral values 
of n from 1 to ©. 


Of course, if y become greater than y’, y and y’ will have to change places in the second side 
of (93). This is in accordance with the formula (92), since now the second line does not vanish ; 
and it will easily be found that the first and second lines together give the same result as if we had 
at once made y and y’ change places. Although y has been supposed positive in (93), it is easily 
seen that it may be supposed negative, provided it be numerically less than y/’. 


The other formula above alluded to is obtained in a manner exactly similar by comparing the 
last two lines in (92) with the last two in (90). It is 


elt —2)_ go mln-2) 


4 , 5 , 
- SIN py SID “MY 


>> - 
2 ; 
2u/3 — sin 2n8 (ae se 


ag 4, a (eee e ") S(n +h) 8-1) + (n—- h)e"P-9 


sin (LOB SAA DOD OOD O4 . 
- (nm + h)e® + (n —h)e-'8 (94) 


where the first = refers to the positive roots of (89), the second to positive integral values of 7, 
and where x is supposed to lie between 0 and 7, y’ between 0 and 3, y between 0 and y’, or, it 
may be, between —y' and y’. Although w has been supposed less than 7, it may be observed 
that the formulze (93), (94) hold good so long as w, being positive, is less than 27, 


48. Let it be required to determine the permanent state of temperature in a homogeneous 
rectangular parallelepiped, supposing the surface kept up to a given temperature, which varies 
from point to point. 


Let the origin be in one corner of the parallelepiped, and let the adjacent edges be taken for 
the axes of a, y, x. Leta, b, ¢ be the lengths of the edges; f,(y, x), F\(y, x), the given tem- 
peratures of the faces for which # = 0 and a = a respectively; f,(z, 7), F.(x, #) the same for the 
faces perpendicular to the axis of y; f,(v, y), F(a, y) the same for those perpendicular to the 
axis of x. Then if we put for shortness Vv to denote the operation otherwise denoted by 


as will be done in the rest of this paper, and write only the characteristics of the functions, we 
shall have, to determine the temperature w, the general equation yw=0 with the particular 
conditions 

u= fj, when @ = 03) w=) Fy. when a =aie-enases areca ce (95) ; 


u = fr, when y 


ll 
rs) 


u = F,, when y 


ll 
a 
: 

= 
© 
=>) 
~~ 
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u =f, when x 


ll 
j=) 


u= FF, when 


ll 
° 
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It is evident that ~ is the sum of three temperatures w,, w., «3, where w, satisfies the conditions 
(95), and vanishes at the four remaining faces, and ~,, uz are related to the axes of y, x as u, is 
related to that of 2, each of the quantities w,, wu, u, representing a possible permanent temperature. 


nary 


Now w; may be expanded in a double series => Z,,,, sin peso sin 5 ee where Z,,, is a function 


of x which has to be determined. Let for shortness 
mmr nr pr 
— =4 —=y, —=G; 
b c 


then the substitution of the above value of w, in the equation Y wv, = 0 leads to the equation 


where g? =n’ + *, which gives Z,,, = A,,,¢% + B,,,¢~%; and the constants 4,,,, B,,, are easily 
determined by the condition (97). We may find w, and uw, in a similar manner, and the sum of 
the results gives w. It is thus that such problems are usually solved. 


We may, however, expand zw in a series of the form => Z,,, sin ua sin vy, even though it does 
not vanish for v = 0 and w =a, and for y=0 and y=56; and the formule proved in Section I. 
enable us to make use of this expansion. 


Let then “= >>Z sin wz sin vy, 

the suffixes of Z being omitted for the sake of simplicity. We have by the formula (8) 
Pu 
dx 
Let f(y, =) - (- 1)"F,(y; x) be expanded in the series EQsinvy by the formula (3), so that 

Q will be a known function of x, m, and m. Then 
iu 
dx 


2 
= Bf -wW2Zsinvy + “[f, - (-1)"Fi}} singe. 
a 


9 
27 ~—- . . 
=S5f -Z+ ai sin w@ sin vy. 


Pu ; _ @u . : 
The value of Fr mes be expressed in a similar manner, and that of PE is found by direct 


differentiation. We have thus, for the direct developement of Yu, the double series 
&Z - 2v 2 
gk ayia) ee es Q} sin pe@ sin vy, 
ds? b a 
where P is for w what Q is for y. The above series being the direct developement of Yu, and yu 
being equal to zero, each coefficient must be equal to zero, which gives 
CZ 2y 
—-gZ+—P+ 
dx? b 


where g means the same as before. The integral of the equation (98) is 


a ae 
a 


1 z 1 z 
ZeAes Bet =e) e-OTds + —e-* © Tdz, 
e* + Be ; € , e ?Tdz+-€ f e= Td 


° q 0 
2T denoting the sum of the last two terms of (98). It only remains to satisfy (97). If the 
known functions f;(v, y), F3(v, y) be developed in the double series Z=G sin we sin vy, 
SSA sin px sin vy, we shall have from (97) 


A+B=G, 
1 c 1 . 
Ac® + Be-® = — et f et Tds + ~ ef Td = H. 
q 0 q 0 
Vou. VIII. Parr V. 4E 
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A and B may be easily found from these equations, and we shall have finally 


: 1 - z : , 
(ce —€-") Z =G (e8-*)— e-1-) + H (e% — e-%) + F (e-?) — eat si (e* —« *) T'dz’ 
0 


1 3 ! c / / , 
+-(e# — 6%) ff Ge Pica eels (rhe 
q z 


T’ being the value of 7’ when z = x. It will be observed that the letters Z, P, Q, JT, A, B, G, H 
ought properly to be affected with the double suffix mn. It would be useless to write down the 
expression for « in terms of the known quantities f,(y, x), We. 


It will be observed that 2 might equally have been expressed by means of the double series 
Pe Ee sin vy sing, or ZY, sin zw sin wx, where p is any integer. We should thus have 
three different expressions for the same quantity w within the limits # = 0 and # =a, y=0 and 
y= 6, x =0 and x =e. The comparison of these three expressions when particular values are 
assigned to the known functions f,(y, #) &c. would lead to remarkable transformations. The 
expressions differ however in one respect which deserves notice. Their numerical values are the 
same for values of the variables lying within the limits 0 and a, 0 and b, 0 and c. The first 
expression holds good for the extreme values of , but fails for those of « and y: in other words, 
in order to find from the series the value of w for the face considered, instead of first giving # or y 
its extreme value and then summing, which would lead to a result zero, we should first have to 
sum with respect to m or n, or conceive the summation performed, and then give w or y its extreme 
value. The same remarks apply, mutatis mutandis, to the second and third expressions; so that 
the three expressions are not equivalent if we take in the extreme values of the variables. 


49. Many other remarkable transformations might be obtained from those already referred 
to by differentiation and integration. We might for instance compare the three expressions which 


a 6 c 
would be obtained for [ [ i udadydzx, and we should thus have three different expressions 
“401 220) S40 


for the same function of the three independent variables a, b, ce, which are supposed to be positive, 
but may be of any magnitudes. Some examples of the results of transformations of this kind may 
be seen by comparing the formule obtained in the Supplement alluded to in Art. 44 with the 
corresponding formule contained in the Memoir itself to which the Supplement has been added. 
Such transformations, however, when separated from physical problems, are more curious than 
useful. Nevertheless, it may be worth while to exhibit in its simplest shape the formula from 
which they all flow, so long as we restrict ourselves to a function w satisfying the equation Yu = 0, 
and expanded between the limits « = 0 and w# = a, &c. in a double series of sines. 

The functions f,(y, x) &c., which are supposed known, are arbitrary, and enter into the 
expression for w under the sign of double integration. Consequently we shall not lose generality, 
so far as anything peculiar in the transformations is concerned, by considering only one element of 
the integrals by which one of the functions is developed. Let then all the functions be zero 
except f,; and since in the process f, has to be developed in the double series 


4 a b , ‘3 Ao , r , . 5 
mn == ih F(a, ¥) sin pa’ sin vy da'dy’ . sin pew sin vy, 
ws eat) 


consider only the element f,(2’, y’) sin ua” sin vy'da'dy’ of the double integral, omit the da’ dy’, 
and put f,(«’, y’) = 1 for the sake of simplicity. If we adopt the first expansion of w, and put 
q° for uw’ +v°, we shall have 


EW he : 
Tx Ag -t)  (e— a) A = sin ue sin vy’; 
a 


efle-) re e 7 ue—2) 


4 
at eS aT sin pv’ sin vy’ Sid pa SIN VY... se. eee eee ee (99)- 
—€ 


whence u = 
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By expanding w in the double series }=Y sin pw sin @z we should get 


2 ow (eo! —e7¥ elb-y) — -—slb-y') 
press sik : m —sb - J 


ac s Ce Se 


sin wa’ sin wa sin aw .......-.(100), 


where s? =u? + w®, and 7’ is the greater of the two y, y’. The third expansion would be derived 
from the second by interchanging the requisite quantities. In these formule s may have any 
positive value less than 2c. 


We should get in a similar manner in the case of two variables w, y 
2 Pa (4—2) en (=) oe Cay! — et ¥) (fe) 4 en HO-¥) ‘ 
u=- >——_,, — sinvy’ sin vy = - = io ——sin az, ... (101), 
b é —e€ a =e! 
where w is supposed to lie between 0 and a, y' between 0 and b, and y between 0 and y’. This 
formula is however true so long as w lies between 0 and 2a, and y between — y’ and 1/. 
5 y i] y 


b pb pa 
If we compare the two expressions for [ if i udydy dx obtained from (101), taking &, for 
0 0 0 


the sign of summation corresponding to odd values of x from 1 to », putting a = rb, and 
: 1 : 7 

replacing =, — by its value seme shall get the formula 
ae 


unr 
1 (a artes ime eal Wak 
== —= + TX, = Se a tt tree cence eee eee (102), 
7. mit n i.e 1¢ 
€ r 


which is true for all positive values of r, and likewise for all negative values, since the left-hand 
side of (102) is not changed when — r is put for r. In integrating the second side of (101), sup- 
posing that we integrate for y before integrating for y’, we must integrate separately from y = 0 
to y=y’, and from y =y/' to y=5, since the algebraical expression of the quantity to be integrated 
changes when y passes the value 2/. 


It would be useless to go on with these transformations, which may be multiplied to any 
extent, and which cease to be useful when they are separated from physical problems to which they 
relate, and of which we wish to obtain solutions. 


It may be observed that instead of supposing, in the case of the parallelepiped, the value of 
u known for all points of the surface, we might have supposed the value of the flux known, subject 
of course to the condition that the total bss shall be zero. This would correspond to the follow- 
ing problem in fluid motion, w taking the place of the quantity usually denoted by @, “To 
determine the initial motion at any point of a homogeneous incompressible fluid contained in a 
closed vessel of the form of a rectangular parallelepiped, which it completely fills, supposing the 
several points of the surface of the vessel suddenly moved in any manner consistent with the 
condition that the volume be not changed.” In this case we should expand w in a series of cosines 
instead of sines, and employ the fomula (D) instead of (B). We might, again, suppose the value 
of «w known for the faces perpendicular to one or two of the axes, and the value of the flux known 
for the remaining faces. In this case we should employ sines involving the co-ordinates perpendi- 
cular to the first set of faces, and cosines involving the others. 


The formule would also be modified by supposing some one or more of the faces to move off 
to an infinite distance. In this case some of the series would be replaced by integrals. Thus, in 
the case in which the value of w at the surface is known, if we supposed a to become infinite we 
should employ the integral (50) instead of the series (3), as far as relates to the variable x, and the 
formula (b) instead of (B). If we were considering a rectangular bar infinitely extended both 
ways we should employ the integral (65). Of course, if we had already obtained the result for the 

4E2 
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case of the parallelepiped, the shortest way would be thence to deduce the result for the case of the 
bar infinite in one or in both directions, but if we began with considering the bar it would be best 
to start with the integrals (50) or (65). 


50. ‘To give one example of transformations of this kind, let us suppose 6 to become infinite 


: na T F hag 
in (101). Observing that vy = —-, Av = —, we get on passing to the limit 
g b g p 8 


b 
9 CTS tl (EH 1 
~ . lee) et Hy — KY py . 
— f —a ee “SI vy sinivyidy = => (et = €>"*)'eF*! Siniaa. 2. (108). 
Tv, e —€ a 


Multiply both sides of this equation by dvdy, and integrate from x = 0 to w =a, and from y =0 
toy= co. With respect to the integration of the second side, it is only necessary to remark that 
when y becomes greater than y’, y and y’ must be made to change places in the expression written 
down in (103). As to the integration of the first side, if we first integrate from y = 0 to ile 
we get, putting f(v, x) for the fraction involving a, 


2 x - dy 
— f Fv, x) sin vy’ (1 — cos vy Y) —. 
7 Ho v 


Now let Y become infinite; then the term involving cos y ¥ may be omitted, not because cos y ¥ 
vanishes when Y becomes infinite, which is not true, but because, as may be rigorously proved, 
the integral in which it occurs vanishes when Y becomes infinite. If we write 1 for a, as we may 
without loss of generality, we get finally 


le erat i Vee oe Oa VRP A Mt RCM ris 
l+e” py” 7 n* 


51. Hitherto in satisfying the general equation wu =0, together with the particular conditions 
at the surface, the value of ~ has been expanded in a double series involving two of the variables, 
and the functions of the third variable which enter as coefficients into the double series have been 
determined by an ordinary differential equation such as (98), We might however expand w in 
a triple series, and thus satisfy at the same time the equation w= 0 and the conditions at the 
surface, without using an ordinary differential equation at all, but simply by means of the terms 
introduced into the series by differentiation, which are given by the formule at the beginning of 
this Section; and then by summing the triple series once, which may be done in any one of three 
ways, we should arrive at the same results as if we had employed in succession three double 
series, involving circular functions of 2 and y, y and x, x and respectively, and the corresponding 
ordinary differential equations. I am indebted for this method to my friend Prof. William 
Thomson, to whom I showed the method given in Art. 48. 


Let us take the case of the permanent state of temperature in a rectangular parallelepiped, 
supposing the temperature at the several points of the surface known. For more simplicity 
suppose the temperature zero at the surface, except infinitely close to the point (a’, y’) in the face 
for which x = 0, so that all the functions f, &c. are zero, except f,(«, y), and f,(x, y) itself zero 
except for values of , y infinitely close to 2’, y’ respectively ; and let [[f,(«, y) dwdy =1, provided 
the limits of integration include the values # = 2’, y= y'. Let w be expanded in the triple series 

ZLTTA np SIN WL SIN VY SIN WS, .00-0---2-0--2e-2s (105), 
where w, v, @ mean the same as in Art. 48. Then 
du 


9 
3 : j 2Q@ . 
opts Zp {— Tn ZnW? Amy SID pw sin vy + = f(z, y)} sin as. ...... (106). 


; ; chad ale SW LAR: 5 : - 
Now the expansion of f,(v, y) in a double series iss = sin wa’ sin vy’ sin ww sin vy, that is to 
a 


THE SUMS OF PERIODIC SERIES. Vir 


say with this understanding, that the result is to be substituted in (106); for it would be absurd to 
speak, except by way of abbreviation, of a quantity which is zero except for particular values of 


a and y, for which it is infinite. The values of and te will be obtained by direct differ- 
y 
entiation. We have therefore for the direct developement of yw in a triple series 


8m . ; : A A 
Vu = 22E Yb - (w+ + Dw) Mnnp + abe iB ao’ sinvy’t singe sin vy sin we, 
abe 


But yw being equal to zero, each coefficient will have to zero, from whence we get A,,,,, and then 
8 


u = === >— 
abe wet + 


= sin wa’ sinvy’ sina sin vy sin We. ...... (107). 


One of the three summations, whichever we please, may be performed by means of the known 
formule 


SRG Oe ira a 0 108 
Ta = top am N= Re 5 UES ESSE Oe acoscresnce (108), 
b-y) —k(b-y) 
1 k cos vy Die a ome 
— + = — “l= —- —, —__, if2b>y >0, ...... 10 
2k Jind ts is 2 gre — ek ‘ Y, z ( 9), 


which may be obtained by developing the second members between the limits x = 0 and x =e, 
y,=0 and y, = 6 by the formule (2), (22), and observing that the expansions hold good within 
the limits written after the formule, since e*°~*) — «- “~* has the same magnitude and opposite 
signs for values of s equidistant from ¢, and ¢ +e7*?-”) has the same magnitude and sign for 
values of y, equidistant from b. If in equation (107) we perform the summation with respect to p, 
by means of the formula (108), we get the equation (99): if we perform the summation with respect 
to n, by means of the formula (109), we get the equation (100). 


k(b-y) 


52. The following problem will illustrate some of the ideas contained in this paper, although, 
in the mode of solution which will be adopted, the formule given at the beginning of this Section 
will not be required. 


A hollow conducting rectangular parallelepiped is in communication with the ground: required 
to express the potential, at any point in the interior, due to a given interior electrical point and to 
the electricity induced on the surface. 

Let the axes be taken as in Art. 48. Let a’, y’, x’ be the co-ordinates of the electrical point, m 
the electrical mass, v the required potential. Then v is determined first by satisfying the equation 


Vea ae 
Vv = 0, secondly by being equal to zero at the surface, thirdly by being equal to = infinitely 


close to the electrical point, » being the distance of the points (7, y, *), (#, y x’), and by being 
finite and continuous at all other points within the parallelepiped. 


Let v =— +, so that v, is the potential due to the electricity induced on the surface. 
r 
Then », is finite and continuous within the parallelepiped, and is determined by satisfying the 
‘ 4 m 
general equation Vv, = 0, and by being equal to —— at the surface. Consequently v, can be 
r 


determined precisely as w in Arts. 48 or 51. This separation however of v into two parts seems 
to introduce a degree of complexity not inherent in the problem; for v itself vanishes at the 
surface; and it is when the function expanded vanishes at the limits that the application of the 
series (2) involves least complexity. On the other hand we cannot immediately expand v in a 
triple series of the form (105), on account of its becoming infinite at the point (a’, y's 2’). 
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Suppose, therefore, for the present that the electricity is diffused over a finite space: then 
it is evident that we may suppose the electrical density, p,» to change so gradually, and pass so 
gradually into zero, that the derivatives of v, of as many orders as we please, shall be continuous 
functions. We may now suppose v expanded in a triple series, so that 


= 35> Wael ; 1 
v = SEZ4,,,, sin ww sin vy sin wz ; 


and we shall have 


2 2 9 ° - s as 
Vu = — SEE + P+ @) An, Sin wea sin vy sin ws. 
But we have also, by a well-known theorem, Yu = — 4p; and 
p= TIZRygy SIN we sin vy sin Ze, 
8 a b c ; 
, s . , . U , 
where Raa = = =| ii [ p sin na’ sin vy’ sina x da'dy' de’, 
PAVED, 2 5 , 


p being the same function of a’, y’, ’ that p is of w, y, x. We get therefore by comparing the two 
expansions of 7» 
Anes = 4 (u? + y ts W@W) ~* Rnags 


whence the value of v is known. We may now, if we like, suppose the electricity condensed 
into a point, which gives 


8m. aaa ne F 
mp = ~~ Sin pa’ sin vy! sin we’, 
abe 
32mm : : ; : : ; 
Jalarrs VTE (uv + »? + @’)~' sin pa’ sin vy’ sin we’ sinwersinvysinwe......... (110). 
abe 


One of the summations may be performed just as before. We thus get, by summing with 
respect to p, 


(e# Sy 67%) (et°-*7 = eale-2) 


1 
ab q ef’ = @ 


sin wa’ sin vy’ sin wa sin vy......(111), 


where q° =p" + v*, and x is supposed to be the smaller of the two x, 2. If = be greater than 2’, 
we have only to make x and =’ change places in (111). 


53. The equation (110) shows that the potential at the point (#, y, x) due to a unit of electri- 
city at the point (a’, y’, x’) and to the electricity induced on the surface of the parallelepiped is equal 
to the potential at the point (a’, y’, 2’) due to a unit of electricity at the point (#, y, x) and to the 
electricity induced on the surface. This however is only a particular case of a general theorem 
proved by Green *. 

Of course the parallelepiped includes as particular cases two parallel infinite planes, two parallel 
infinite planes cut at right angles by a third infinite plane, &c. The value of v being known, the 
density of the induced electricity at any point of the surface is at once obtained, by means of a 
known theorem. 

If we suppose a ball-pendulum to oscillate within a rectangular case, the value of @ belonging 
to the motion of the fluid which is due to the direct motion of the ball and to the motion reflected 
from the case can be found in nearly the same manner. The expression reflected motion is here 
used in the sense explained in Art. 6 of my paper, ‘On some Cases of Fluid Motion+.” In the 
present instance we should expand @ in a triple series of cosines. 


54. Let a hollow cylinder, containing one or more plane partitions reaching from the axis to 
the curved surface, be filled with homogeneous incompressible fluid, and made to oscillate about its 


* Essay on Electricity, p. 19. ++ See p. 111 of the present Volume. 
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axis, both ends being closed: required to determine the effect of the inertia of the fluid on the 
motion of the cylinder. 


If there be more than one partition, it will evidently be sufficient to consider one of the sectors 
into which the cylinder is divided, since the solution obtained may be applied to the others. In 
the present case the motion is such that wdax + vdy + wdz, (according to the usual notation,) 
is an exact differential dp. The motion considered is in two dimensions, taking place in planes 
perpendicular to the axis of the cylinder. Let the fluid be referred to polar co-ordinates r, @ in a 
plane perpendicular to the axis, r being measured from the axis, and @ from one of the bounding 
partitions of the sector considered, being reckoned positive when measured inwards. Let the radius 
of the cylinder be taken for the unit of length, and let a@ be the angle of the sector, and w the 
angular velocity of the cylinder at the instant considered. It will be observed that a =27 
corresponds to the case of a single partition, Then to determine @ we have the general equation 
Pp idp 1d 
ae pat P de 


=O anes cnenaaenoavsewasanes mill 2) 


with the conditions 


d 

ee = ore nen O ON OF, =) tts ne 5soe cone mas onev (19), 
d 
= =10) when! #:= lit s.sconcececosasw Pere eee re (114), 


and, that @ shall not become infinite when r vanishes. 


Let 7 = e~*, and take 6, X for the independent variables ; then (112), (113), (114) become 


“t= Bere whent 0 OF0r: =a sa cth-cevcecus eee. (116), 
sf =i OS WNENMW AY =! OF stents waclcs.cchtccney coos on (117). 
Let @ be expanded between the limits @ = 0 and @ = a in a series of cosines, so that 
p = Ay + ZA, cos A eat re: NL (118), 
a 


Ay, A, being functions of A. Then we have by the formula (D) and the condition (116) applied 
to the general equation (115) 


d Ay 0 
d* ‘ 
dA na\* 2H 
2S (SS Bi — — 1)"he 0 
dy? ( a ) An a d c—1)"he 
whence Ag = AA + Bo 
= fee 319 1-(-1)% , 
A,=4,° + Bye * — eee CS Os evr 


na —4a° 


Since @ is not to be infinite when r vanishes, that is when X becomes infinite, we have in the 
first place 4,= 0, A,=0. We have then by the condition (117) 


2 
8wa 


Fy n(n? a — 4a)’ 


B, 
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when n is odd, and B, = 0 when v is even. If then we omit B,, which is useless, and put for > 
its value, we get 


The series multiplied by r? may be summed. For if we expand sin2 (0 —- 4a) between the 
limits 8 = 0, @ =a in a series of cosines, we get 


8acosa nO 
sin (20 —a)=- > = ~——; cos ; 
( a) ° nr? — 42 a 
we nw 
r * cos —— 
a w Hos 
whence = 8wa? >) ———_—_—— + —— 2’sin (20 — a)......... (120). 


na(n*n —4a°) 2cosa 


In determining the motion of the cylinder, the only quantity we care to know is the moment 
of the fluid pressures about the axis. Now if the motion be so small that we may omit the square 
of the velocity we shall have, putting @ = — wf(r, 6), 


P= Ww (4) + = f¢ 0), 


where p is the pressure, \(¢) a function of the time ¢, whose value is not required, and where 
the density is supposed to be 1, and the pressure due to gravity is omitted, since it may be taken 
account of separately. The moment of the pressure on the curved surface is zero, since the 
direction of the pressure at any point passes through the axis. The expression (119) or (120) shows 
that the moments on the plane faces of the sector are equal, and act in the same direction; so that 
it will be sufficient to find the moment on one of these faces and double the result. If we consider 
a portion of the face for which 6 =0 whose length in the direction of the axis is unity, we shall 


d : 
have for the pressure on an element dr of the surface Sai? 0)dr; and if we denote the whole 
dw 
dt’ 
in the direction of 6 positive, we shall have 


moment of the pressures by — C reckoned positive when it tends to make the cylinder move 


C=2 [re O)rdr. 


Taking now the value of f(r, 0) from (120), and performing the integration, we shall have 


1 
°(nm — 2a)nx (nr + 2a)’ 


peneneopet 8 “Ba000 (121). 


af 
C = AEE = 1l6a°> 


The mass of the portion of fluid considered is a; and if we put 


Cr= sak”, 
_ oT 
and write = for a, so that s may have any value from 0 to 4, we shall have 


1 Sr 88" 1 
osteo omcmea (122). 


Q 


8T 2 a? (n —s)n(n+s 
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When s is an odd integer, the expression for k” takes the form « — ©, and we shall easily find 


Aas 1 
i x Do 


= - pcovedsconoads 
sx og ~"(n—s)n(n+s) 


mer (WEE) 


where all odd values of m except s are to be taken. 


The quantity &’ may be called the radius of gyration of the fluid about the axis. It would 
be easy to prove from general dynamical principles, without calculation, that if & be the corre- 
sponding quantity for a parallel axis passing through the centre of gravity of the fluid, A the 
distance of the axes 


in fact, in considering the motion of the cylinder, which is supposed to take place in two dimen- 
sions, the fluid may be replaced by a solid having the same mass and centre of gravity as the fluid, 
but a moment of inertia about an axis passing through the centre of gravity and parallel to the 
axis of the cylinder different from the moment of inertia of the fluid supposed to be solidified. 
If K’, K be the radii of gyration of the solidified fluid about the axis of the cylinder and a parallel 
axis passing through the centre of gravity respectively, we shall have 


9 ‘ : 4 sina By -xilesin 
KP = y= K+, hm = Si anes eeeeneees (125). 
« a 387 


If we had restricted the application of the series and the integrals involving cosines to those 
cases in which the derivative of the expanded function vanishes at the limits, we should have 


expanded @ in the definite integral it, B) cos BXdB, and the equation (115) would have 


0 


¢ (0, B) = E(B)e” + x(B)e™, 


, x denoting arbitrary functions, which must be determined by the conditions (116). We should 
have obtained in this manner 


given 


f(Q-4a) _ .-B(0—}a) 


ae =f oe ee = cos (8 log~) hs [See seinec a aices (126), 


Ki? 32 [ 1 — «fe dp 
pole 1 +e-"* B(B? + 4)? eee eee eee eee eee ed 


It will be seen at once that &* is expressed in a much better form for numerical computation by 
the series in (122) than by the integral in (127). Although the nature of the problem restricts 
a to be at most equal to 27, it will be observed that there is no such restriction in the analytical 
proof of the equivalence of the two expressions for @, or for k”. 4 


In the following table the first column gives the angle of the cylindrical sector, the second 
the square of the radius of gyration of the fluid about the axis of the cylinder, the radius of the 
cylinder being taken for the unit of length, the third the square of the radius of gyration of the 
fluid about a parallel axis passing through the centre of gravity, the fourth and fifth the ratios of 
the quantities in the second and third to the corresponding quantities for the solidified fluid, 


Vor Vill. barr Vi, 4F 


582 Mr. STOKES, ON THE CRITICAL VALUES OF 


2499 


*3283 


“4078 


“4547 
“A718 


“4652 


*4410 


55. When a is greater than 7, it will be observed that the expression for the velocity which 
is obtained from (119) becomes infinite when 7 vanishes. Of course the velocity cannot really 
become infinite, but the expression (119) fails for points very near the axis. In fact, in obtaining 
this expression it has been assumed that the motion of the fluid is continuous, and that a fluid 
particle at the axis may be considered to belong to either of the plane faces indifferently, so that 
its velocity in a direction normal to either of the faces is zero. The velocity obtained from (119) 
satisfies this latter condition so long as a is not greater than 7. For when a < z the velocity 
vanishes with 7, and when a = 7 the velocity is finite when 7 vanishes, and is directed along the 
single plane face which is made up of the two plane faces before considered. 


But when a is greater than w the motion which takes place appears to be as follows. Let 
OABC be a section of the cylindrical sector made by a plane perpendicular to the axis, and 
cutting it in O. Suppose the cylinder to be turning round OQ in the direction indicated by the 
arrow at B. Then the fluid in contact with OA and near O will be flowing, relatively to OA, 


towards O, as indicated by the arrow a. When it gets to O it will shoot past the face OC; so 
that there will be formed a surface of discontinuity Oe extending some way into the fluid, the fluid 


THE SUMS OF PERIODIC SERIES. 583 


to the left of Oe and near O flowing in the direction 40, while the fluid to the right is nearly at 
rest. Of course, in the case of fluids such as they exist in nature, friction would prevent the 
velocity in a direction tangential to Oe from altering abruptly as we pass from a particle on one side 
of Oe toa particle on the other; but I have all along been going on the supposition that the fluid 
is perfectly smooth, as is usually supposed in Hydrodynamics. The extent of the surface of 
discontinuity Oe will be the less the smaller be the motion of the cylinder; and although the 
expression (119) fails for points very near O, that does not prevent it from being sensibly correct 
for the remainder of the fluid, so that we may calculate kK” from (122) without committing a 
sensible error. In fact, if yy be the angle through which the cylinder oscillates, since the extent 
of the surface of discontinuity depends upon the first power of yy, the error we should commit 
would depend upon vy. expect, therefore, that the moment of inertia of the fluid which would 
be determined by experiment would agree with theory nearly, if not quite, as well when a> as 
when a < 7, care being taken that the oscillations of the cylinder be very small. 

As an instance of the employment of analytical expressions which give infinite values for 
physical quantities, I may allude to the distribution of electricity on the surfaces of conducting 
bodies which have sharp edges. 


56. The preceding examples will be sufficient to show the utility of the methods contained in 
this paper. It may be observed that in all cases in which an arbitrary function is expanded 
between certain limits in a series of quantities whose form is determined by certain conditions to be 
satisfied at the limits, the expansion can be performed whether the conditions at the limits be 
satisfied or not, since the expanded function is supposed perfectly arbitrary. Analogy would lead 
us to conclude that the derivatives of the expanded functions could not be found by direct differ- 
entiation, but would have to be obtained from formule answering to those at the beginning of this 
Section. If such expansions should be found useful, the requisite formule would probably be 
obtained without difficulty by integration by parts. This is in fact the case with the only 
expansion of the kind which I have tried, which is that employed in Art. 45. By means of this 
expansion and the corresponding formule we might determine in a double series the permanent 
temperature in a homogeneous rectangular parallelepiped which radiates into a medium whose 
temperature varies in any given manner from point to point; or we might determine in a triple 
series the variable temperature in such a solid, supposing the temperature of the medium to vary in 
a given manner with the time as well as with the co-ordinates, and supposing the initial temperature 
of the parallelepiped given as a function of the co-ordinates. This problem, made a little more 
‘ general by supposing the exterior conductivity different for the six faces, has been solved in 
another manner by M. Duhamel in the Fourteenth Volume of the Journal de Ecole Polytechnique. 


Of course such a problem is interesting only as an exercise of analysis. 
G. G. STOKES. 


ADDITIONAL NOTE. 


Ir the series by which r* is multiplied in (119) had been left without summation, the series 
which would have been obtained for k? would have been rather simpler in form than the series 
in (122), although more slowly convergent. One of these series may of course be obtained from 
the other by means of the developement of tan w in a harmonic series. When s is an integer, 
k* can be expressed in finite terms. The result is 


ki? =8s— a? log. 2 +88 ta? §2-' 4.471... + (8-1) 440% fo-244-*...4(s—1)-*}-4, (s odd), 


6 
Kasse maak! seth Dr } +4 Rathore eee 1)-*} — 4. (s even). 


Moreover when 2s is an odd integer, or when a = 45°, or = 135°, &c., k’* can be expressed in 
finite terms if the sum of the series 1-2 + 5-2 + 972 +... be calculated, and then be regarded as 
a known transcendental quantity. 
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XLI. A Mathematical Theory of Luminous Vibrations. By the Rev. J. CHAuuis, 
M.A., F.R.A.S., Plumian Professor of Astronomy and Experimental Philo- 
sophy in the University of Cambridge. 


[Read March 6, 1848.] 


In three preceding communications to this Society I endeavoured to explain some of 
the principal phenomena of Light on the Hypothesis of Undulations, regarding the «ther as 
a continuous and elastic fluid, and applying to it the usual Hydrodynamical Equations. I 
propose now, on the same principles, to investigate the particular nature of the etherial vibrations 
which produce light, and the laws of their propagation under given circumstances. As this com- 
munication is intended to be supplementary to the three former, I shall take occasion to advert 
to any reasoning they contain, to which I may be able to add elucidation or confirmation. 


1. Let a’(i +s) be the pressure at any point wyz of the xther at any time ¢, s being 
a small numerical quantity, the powers of which above the first are neglected; and let u, v, w, 
be the resolved parts of the velocity at the same point and at the same time, in the directions 
of the axes of co-ordinates. Then, retaining only the first powers of ~, v, w, we have, as is known, 


ds du ds dv ds dw 
*,—+— =), (1 7, —+—=0, vy. — + — =0, (3 
dn de lie PAA am wa al 
d d dv dw 
and eee : oA acboBsdae: (4). 


dt da dy dx 


The last of these equations gives by means of the other threc, 


d°s e = d’s 7) P 
a. |—_ + —_+ —] =0. 
da’ dy dz 
Suppose, for the moment, that s has been obtained from this equation by integration. Then 
for the velocities we have, 


ds d. [sdt 
= _ | dt = bs —— eee cceccccess vescecves 6 
U c a rp ce aie ( ); 
, dee as a acgudfsat 
© =ie Bla dt =c — dg ee eae (7), 
d # eed sae 
w= ees a ie dt = = - ist ee eeccecuse (8), 


wnere c, c¢, and c” are functions of co-ordinates only. It is to be observed that these values 
of uw, v, w are perfectly general, being obtained prior to any consideration of the way in which 
the fluid was put in motion, and consequently apply to all points of the fluid in every instance of 
motion in which powers of the velocity and condensation above the first may be neglected. Now 
the motions of the ztherial medium are vibratory, or, at least, not permanent. There is no known 
cause to produce motions in the «ther, which either wholly or in part remain permanently the 
same at the same points of space for any length of time. And even if, from causes with which 
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we are unacquainted, such motion should exist, provided it be small compared with the velocity «, 
we may abstract from it in considering vibratory motion, This will appear as follows. Since 
equation (5) is linear, we may suppose s to be composed of parts due to separate causes, among 
which may be included the cause that produces the permanent part of the motion. But the 
condensation due to this cause being represented by oc, we shall have, 


, do de » do dc , , ada dc” 
Qe = - = Pt — lle — i  —— a 
dv ara’ 4 RE a an, eds. ade 
That is, o is either constant throughout the fluid, or is a quantity of an order already neglected. 
d d d - 
Hence the values of az = in equations (6), (7), (8), remain the same whatever be 


the permanent motion. Hence also w—c, v—c’, w—e’, or the parts of the motion which 
are not permanent, are the same whatever be c, c’, ¢’. We may, therefore, either put ¢ = 0, 
ce’ =0, ¢’=03 or, suppose u, v, w, to stand respectively for w—c, v—c, w—e". 


This being premised, let y = —a°/sdt. Then 


dw dy, 
= = y= 
dx’ : dy 


ans 


u ~ - 
dz 


> w 


and wda« + vdy + wdz = (dyy), an exact differential. Also by means of equation (4), we derive, 


dad ! 2 2 zy 
~ Sees age i ‘)=0 
dt? dx dy d=" 


2. The motions of the wther which correspond to the phenomena of Light are vibratory. 
Hence in treating the Undulatory Theory of Light hydrodynamically, the quantity wdw+vdy 
+ wdz must be an exact differential, by what is shewn above, without reference to the manner 
in which the fluid was put in motion, the reasoning being prior to, and entirely independent of, 
any such considerations. The condition of integrability is to be satisfied generally. One obvious 
method of doing this, is to suppose the motion to consist of separate motions which tend to 
or from fixed centres, and are functions of the distances from the centres, But the phenomena of 
Light do not accord with this supposition, since, instead of spreading equally in all directions 
from a centre, it is generally propagated in the form of rays. Another way of satisfying the 
condition of integrability in a general manner, is to suppose yy to be the product of two functions 
@ and f, such that ¢ does not contain 2 or y, and f does not contain x. For on these 
suppositions, 


d d 
Yi = raed, Es) t. and 
d d ‘ d 
udx + vdy+ wdz = (<< da + = dy) ei. dz, 
wv y 


which is an exact differential of f@ with respect to co-ordinates. The consequences of thus 
satisfying the condition of integrability, which are of a very remarkable kind, I now procced 
to develope. 
3. The above values of w, v, w give, 
du af dv af dw dp 


da ae, deen cae a ee 


Let us now, for a reason that will presently appear, suppose that f does not contain ¢ ‘Then 
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do ds _f & 


‘ les 5 dp__ ds _ a 
since Wy = of = a’ fsdt, it follows that f ai as, and = Ae aie Hence substi 
tuting in the equation (4), we obtain, 

fp dp v@ (@f ef 

ee ee Se |! D ee eee weclcnnevcs 10). 

dP. anh (Gas i) 2 (10) 


Now the nature of the question under consideration requires that this equation should be linear. 
Let therefore the coefficient of d@ be equal to a constant —b?. According to this supposition 
@ may be a function of x and ¢ only, and f a function of # and y only; as, in fact, they ought 
to be, in consequence of suppositions already made on these quantities. Thus equation (10) resolves 
itself into the two following, 


Pop , Fh 
dé” dst Pip IOs. 2 easement ee eet (11), 
af af b? 
—— = Saf HO Nivel ne cinlnecinisioisicie.s vseleie< plo ae imizie 12 
dx ‘i dy ‘ at 2) 
The equation (11) is transformable into the following: 
ip & 
= = —! OW creel vinarejoicisiasinaieipinosmsiaeb|daterncialeaia ; 
dudv 4a° e G?) 


in which w =x + at and v=x—at. (See Peacock’s Examples, p. 466). For convenience sake 
2 


b : : ; 
put e for reek Then, regarding e as a small quantity, the integral of (13) may be obtained in a 


series as follows. 


EP dp _ 
Let aaa 0; then ae F’(u), and @ = F(u) + G(v). 
ip 


Apia e§F(u) + G(v)} approximately. 


Hence 


ope G(v) +e fF, (vu) +u G(r)} 
p = F(u) + G(v) +e fvF\(w) + w G,(v)} 3 and so on. 
Thus =F (u) + G(v) +e fvFi(u) +uG,(v)j + Efe Pale) + uw G,(v)t + &e. 


where F',(u) = [F (u) du, F,(u) = [Fy (uw) du, G,(~)= [G@(v) dv, &c. Each of the functions 
F and G separately satisfies the given equation. Let us, therefore, for the purpose of drawing 
some inferences from this integral, suppose that F' = 0. Then, 


2,2 


= Gv) + ew G, () + — - Ga(0) + = 


32,3 
— . G; (v) + &e. ......-.. (14). 

4. It appears by this result that @ does not admit of being expressed exactly so long as the 
form of the function G is entirely arbitrary. No inference, therefore, can be drawn from the 
integral (14) in its general form. The nature of the series, however, suggests at once a 
particular form of G, which gives to @ an exact expression, and which, as we shall see, applies 
to our present enquiry; viz. the form Ae’. As we have already introduced the condition that 
the velocity and condensation be small, and consequently that @ be small, whatever be z and ¢, 
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it is clear that G must be a circular function. Let therefore G(v) = Ae”V-1 + Be~™V-1; or, 
what is equivalent, let G(v) = mcos(nv +c). Then, 


m d.cos(nv +e) 


G, (v) = [m cos (nv + 0) dv = — sin (no 4+.c)=— —.. ae ; 


m . md. 
G.(v) = [— sin (nv + c) dv = = 7 cos (nv +0) = SE Khe +), 


m m , m d’.cos(nv + ec) 
G,; (v -{-5 cos (nv +c) dv = — — sin (nv + c) = — —,. ——______- 
3(”) n* ( ) ns ( ) n? dv* ? 
&e. =" &c 
Consequently, 
m d.cos(nv + ec) m d’.cos(nv+c) eu? 
=m cos(nv +c) — — .———_—_——’ . € —. : 
? ( ) n® dv ; dv 12 
m d’.cos(uv+e) eu® 
ee ee Se 
” dv Ihab) 


= mecos {n (v - = +e} 


e 

= mcos $n (x — at) —= (# +a?) +c} 
e e 

= meos { (n — “) « - (n+<) at +c}. 
n n 


e 27 e an > 
Let, now, 2» —- — = awe Then n + —= ni. +4e. We have, therefore, finally, 
n n : - 


9 
fp= mf cos 2™ (=~ at 1 ee +¢)=y. 
T 


ae. sh Nats std ' 2 
The velocity in the direction of % is re. Hence, if m= — _ 
2 eo Ma = 
w=m f sin at RR Are NS fj Pitncoscensd OEE | (15). 
4 r ci 
F dp ’ 
Also, since (Art. 3) seri a’s=0, it follows that 
d > 2 CAT 
as-—2 ae = MAYS — sin (s -— at SE 4 een) 


- : : . sex 
It hence appears that the velocity of propagation of the wave whose breadth is \, is a / 1+ st 


The value of e depends on equation (12). If the velocity of propagation be independent of \, 


2 


we shall have 


er ; kr 

> =, a numerical constant, and consequently e = Un 

5. Since equation (9) is linear with constant coefficients, it will be satisfied by the sum 

of any number of such values of as that just obtained, f, e, m, A, and ce’, being different 
for each. Hence we have generally, 
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We © {fm cos — nat /1 4 + 0} 
ma ene 
ey. +40} 
Tv 


1 dy : \/ en? . Qa ay en” 
= aes = ffm, 1+ —> sin [— (s - at Le etie) 


It follows, since in each of the terms under the sign = the quantities which are independent 
of x and ¢ are at our disposal, that we may satisfy by this integral any state of the fluid in 
the direction of x, subject to the limitation that the condensation and velocity are at all times 
small. The course of the reasoning shews that the particular form of the function G which 
has conducted to the above results, has not been adopted as an analytical artifice, but is really 
the only form which determines the velocity of propagation, and gives a definite solution of 
the Problem. The particular kind of motion it represents, and the component character of the 
whole motion as consisting of an indefinite number of such motions, are accordingly to be regarded 
as physically true. These results explain the fact of the composition of light. 


&) Ss 
| 
i] 
& 
{l 


6. Before proceeding farther, it will be worth while to compare the foregoing investigation 
with that which I have given in my Paper on Luminous Rays. (Cambridge Philosophical T'rans- 
actions, Vol. vui1. Part 111. p. 363). It may be remarked, that the two investigations agree in 
their results, but differ in the course of the reasoning. In the Paper referred to, the velocity of 
propagation is asswmed to be uniform (p. 365), and the form of the function expressing the nature 
of the vibrations is deduced from this assumption (p. 368). In the present communication the 
form of that function is first obtained by @ priori reasoning from the Hydrodynamical Equations, 
and the uniformity of the rate of propagation is then strictly deduced. The inferences in the 
former Paper (p. 365), drawn from the supposition that the velocity of propagation is uniform 
when the motion is not small, still hold good. It may also here be remarked, that the consider- 
ations in p. 366 on which the arbitrary quantities ¢, ce’, c’ were made to vanish, are superseded 
by the more general reasoning in Art. 1. of this Paper. 


7. I proceed now to the consideration of equation (12), viz. 
af af 
du* dy? 


As this equation does not contain ¢, there is no propagation of motion in any direction 
parallel to the plane of zy; or, the propagation in the direction of x takes place without 
lateral spreading. A value of f expressed in finite terms is not therefore required, as in the 
case of the integration of equation (11), for deducing velocity of propagation. It may however 
be argued, that as a particular form of @ was found, by which the vibrations in the direction 
of x were defined, prior to any consideration of the manner in which the fluid was put in motion, 
so a particular form of f exists by which the condensation and velocity in directions transverse to 
the axis of x are defined, and which is equally independent of the arbitrary disturbance. As 
this form may, or may not, be capable of expression in exact terms, I shall first apply to 
equation (12) the process already applied to equation (11), for the purpose of ascertaining 
whether any exact value of the integral satisfies the conditions of the Problem. 


8. The equation (11) coincides in form with (12) by putting —1 for a*, and 4e for 6%. 


2 


b 
That is, since e = —, we shall have —e in the place of e in the integral of (12). Hence 
4a? 


OF LUMINOUS VIBRATIONS. 589 


ifw=a+yV/ —1 and v=a-y Na by integrating as before, 


2 


f=F (u)+ Gr) -efvoF, (u) +uG,(v)} + fu" F, (u) + «*G, (v)} =O ee (17). 


Wey 


The impossible quantities are got rid of by making G the same function as F. If then, to 
obtain an exact value of f, we suppose that F’'(w) = 4e™ and G(v) = Ae*, we shall have, 


eA eA 
= A(e™ + &”) — — (ve™ + we”) + ve + we") — &e. 
if (e ) ak ) ara e”) — &e 
eu ev eu eu a 
Ace™ (1 — — + —— —- — — + &.) + Ae” (1 —- — 4 ——_ eser/i'’n 
Oc tae 1.2.3.7 ) ‘(Mak ir RC as 


= AkletyN=i)- £ (w= yN=) 4 4, gk le- YVAN) (ety VI) 
€ ¢ -— é e j= 
San. ae, gee-pe Serpe 


= by ae ae (x + ae 


Since, from the form of equation (12) w and y are interchangeable, we shall also have 


f= sapere . COS (« - =) v. 


Therefore generally, 


a Ap a ate (« + ;) yt aie ae (# a =} é. 


As the quantities k and k’ may be any whatever, this solution is so far indeterminate. But it 
is clear that the value of f must not, from the nature of the question, increase indefinitely 
with w and y, and that consequently the exponentials must be made to disappear. Hence we 


shall have k = k’ = J es and 
f= 2A cos2 ey t+ 2d cos® Ver cececeeeeeee douee = sesLS)e 


This then is the general form of f expressed in finite terms, and subject to the limitation of 
being free from exponentials. Other forms may be adduced, apparently, but not really, different 
from this, which equally satisfy the equation (12). For instance f= A cosqweos q'y, provided 
q+q° =4e. But this is reducible to the form of the terms of equation (18), by a change in the 
direction of the axes of w and y. (See Theory of the Polarization of Light, p. 373.) 


T shall have occasion hereafter to advert to equation (18). At present I have only to remark 
that the above form of f does not correctly define the motion transverse to the axis of x, at least 
for all values of w and y, for this reason. At the boundary beyond which the motion does 
not extend in directions transverse to x there must be neither condensation nor variation of 


d 
condensation, otherwise there will be transverse propagation. Hence f, et and ay must 
x y 


vanish together. But plainly this is not the case with the value of f obtained above. 


9. From the above reasoning we may conclude that the form of f we are seeking for, is 
not expressible in finite terms, and must consequently be obtained in an infinite series. The 
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only way in which a particular value of f is deducible from the general integral (17) without 
assigning arbitrary forms to the functions F and G, is to suppose F'(w) and G(v) to be 
arbitrary constants. Let, therefore, F(u) =c, and G(v) = ce. Then 


F, (u) = cu, G,(v) =¢'v, 
cw cu 
EA) = F538 CxO) oe 
&e. = &e. &e. = &e 
e : bd 
Hence f = (c +c) (1 — euv + ae ue — Pies’ uv + &e.), 
et er 
=(¢+¢) Gi Sef oa aia oriaeeel RC) Sesaceureasmericss el)» 


oweo? Wulee Stes. 
by putting r° for a +y’. Determining the arbitrary quantities so that f=1 when r=0, we 


2 


d 
have c+c’=1. Also = =0 whenr=0, and dr =-—2e. Hence f has a maximum value at 
r 


the axis of x, and is a function of the distance from that axis. 


10. It appears, therefore, that the required form of f is derived from equation (12), by 
supposing f to be a function of 2° +y’. That equation accordingly becomes, 


i Le ee 
eee Cf Or a azte ahlecs= einen ie eealeeriase (20): 


Equation (19) is the integral of this equation in a series, the only mode in which it appears 
to be expressible. By putting f=0, we have for determining the corresponding values of r the 
equation, 


er er 
CSUR Sota ke as 2 2- oe gt Bees 


from which it appears that there are an unlimited number of possible values of r for which 
f vanishes. Since there is no lateral propagation, the motion does not extend beyond a certain 


limiting distance from the axis, at which f and = both vanish. It is not, however, apparent 
r 
from equation (20) that these quantities may vanish together, that being an approximate equation 
5 s d 
which does not give the exact value of = when f= 0. To ascertain whether this will be the 
e 


case, recourse must be had to equation (12) in the Paper on Luminous Rays, (p. 368), which 
was obtained without neglecting small terms. On putting 4e for kn* that equation becomes 
) 


1 1 
Oe = pa a= 
if + aA =A) fs =O, 
Te dy? C5 SH 10. serge sossteeniees (21) 


Assuming now that f is a function of 7, we obtain, 


eee» 
fia a eae ee Jeet (22), 


Sons t d : ; d 
whence it is clear that if f= 0, - also vanishes. Since 2 = 0 both when f=1 and f=0, for 
* Y m 
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some intermediate value a must be a maximum. Hence if a curve were described having for 
its equation y=f(«), it would have a point of contrary flexure between the values of a corre- 
sponding to y=1 and y=0, and would resemble the trochoid. It is also to be remarked that 
the second term of equation (22) must be regarded as very small compared tothe other terms, 
in order that that equation may be equivalent to a linear equation in x and y, excepting where f is 
very small. By the omission of the second term, equation (22) becomes identical with equation (20). 
Hence, with the exception just mentioned, the curves which represent the integrals of (20) and (22) 
coincide; and as we found that the curve corresponding to (20) cuts the axis of abscisse in an 
unlimited number of points, the same must be the case with the curve corresponding to equa- 


tion (22). But for the latter curve we have shewn that f=0 and = = 0 at a point of intersection. 
die 
Hence the motion does not extend beyond the least value of r corresponding to f = 0. 
, : : ; ag. Bal 
11. The integral of equation (21) is derived from that of (12) by putting ro) and —e fore. 


Hence the integral of (21) in a series is, 


=1+er + —— + ——— + &e. 


f 1.2? 17.2", 3 
Se*r* 19er® 
Whence f =1-er + segertnt apr 6h WiGiwm arate icles sree (28) 2 
30 


This series diverges from the approximate series (19) after the second term. Let / be the least 
value of x corresponding to f=0. Then, 


sels 19e3l° 


0=1-eP +—— —- —— + &e. 
4 30 
58 ‘ F z er? ; 
Hence e/’ is a numerical quantity. Let e/? = q. Then, as we have also —- = k, it follows that 
cr 

gn : : reel ; awa : 
k = ——. Hence k is a constant quantity for all vibrations, if the ratio T be a constant. Now 

ee 


it may be thus argued that \ and / have a constant ratio to each other. These quantities must 
be related in some way, otherwise the motion is not defined. Let F(A, /, 8) = 0 express this 
relation, § being the maximum condensation corresponding to f=1. As there are no other 
quantities or tea in this relation, and as and / are the only linear quantities, this equation 


k 
is equivalent to — = F,(8). And we have above, = Jt, Hence = Jt = F,(S). But 
i] 


it has already ~~ shewn (Art. 4) that & is tree of s. Hence F, (S') is a constant, the 
same for all vibrations. Hence also & is the same for all vibrations. 


12, We have now found for f a particular value which satisfies the hydrodynamical conditions 
of the question, but does not admit of being definitely expressed. It can only be expressed in an 
infinite series, the terms of which do not necessarily converge. If, therefore, the phenomena of 
light be expounded by a definite form of f, this can agree with equation (23) only under 
certain limitations. Now, by equation (18), we have a definite form of f obtained in a general 
manner, without reference to the mode of disturbance. If in this equation 24 = 24’ = 1, we 


obtain, 


= 


22a" 2e 


- &c.) + (1 - 2ey + —~ — &e.) 


f=4(1 -2ea* + 


462 
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2 


=1-e(e +) +l (ty) — &e. 


This value of f agrees with that given by equation (23) only to two terms. Consequently the 
exact integral (18) may be employed only for small values of w and y. With this limitation, it 
gives a value of f definitely expressed, and at the same time satisfying the hydrodynamical 
conditions. These results point to the inference that the phenomena of light depend exclusively 
on the motions contiguous to the axis of x; for it may be presumed that so far as the motions 
correspond to the phenomena of light, they admit of being defined by exact expressions. The 


ratios ~ and = as applied to the /wminous ray, will each be very small. 


13. It may here be remarked, that in my Paper on the Polarization of Light, the equation 
f = cos V/2er corresponds to common light, and the equations f= cos 2 /ev, f=cos2 Vey, to 
light polarized in the planes of wz and yz, subject to the limitation of taking r, w, and y, very 
small. The first equation was obtained by assuming f to be a function of 7, because common 
light is observed to have the same relations to space in all directions perpendicular to the direction 
of its propagation, and the other two were deduced from the first, by asswming the bifurcation of 
a ray of common light to take place, so that the sum of the condensations at corresponding points of 
the two parts, is equal to the condensation at the corresponding point of the original ray, and the 
velocities are the parts of the original velocity resolved in directions at right angles to each other. 
Since in the present Paper the same values of f have been arrived at by a priori considerations, 
that particular property of common light, and its resolution in that particular manner, may be said 
to be accounted for on hydrodynamical principles. 


14. The foregoing theoretical conclusions serve to explain some general phenomena of light. 
In Article 7. it was argued that the motion transverse to the axis of the fluid filament, must be 
defined by a particular form of f independent of the arbitrary disturbance of the fluid, and in 
Art. 9, a form of this function was found without assigning particular forms to the arbitrary 
functions, which in Art. 10. was proved to be consistent with the hydrodynamical conditions. As 
this form indicates that the condensation is arranged alike in all directions about an axis of pro- 
pagation, it follows that light which comes directly to the eye from its origin, of whatever kind 
the disturbance may be, is common light, the distinctive property of which is, that it is alike 
affected in all directions perpendicular to the direction of propagation. This inference is confirmed 
by the fact that Light from the Sun, from Stars, from a lamp, from the electric spark, from 
lightning, &c. is common light. The dispersed light by which objects are rendered visible, which 
originates in the disturbances passively caused by the presence of the individual atoms of the 
medium on which any ray impinges, should according to the theory be common light: and such 
it is found to be. Moon-light and light from the Planets come under the same description. 


Again, the form which the ray assumes at its origin determines it to have direction, for it is 
clear that the direction of its propagation must from the first be coincident with the axis about 
which the condensation is symmetrical. Hence as direction is determined without reference to the 
mode of disturbance, there may be an unlimited number of directions of propagation, as there may 
be an unlimited number of rays, (see Art. 5), due to the same disturbance. In fact, the state of 
the fluid at the first instant, whatever it may be, ean be satisfied by having at disposal in the 


oO 
. A a7 es . . 
equations V=aS =msin mei (at — x+c), the quantities m, \, ce, and by an unlimited number 


of rays unlimited as to direction, notwithstanding that the functions @ and f are defined for each 
ray. ‘This agrees with the fact, that light coming immediately from its origin, is seen in all 
directions. 
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15. Hitherto we have reasoned on the supposition that no extraneous force acted on the zther. 
It is quite possible that a ray, after taking its original form and direction, may be modified 
subsequently in both these respects, by the action of forces, and retain the new form and direction 
after the action of the forces has ceased. For instance, in the case of the ordinary reflexion of a 
ray, forces act upon it for a short time and through a short space at the surface of the reflecting 
medium, which, as they do not act symmetrically with reference to the axis of the ray, alter the 
form of f. The analytical fact that this function is given generally by the integration of a partial 
differential equation, and therefore not necessarily always of the same form, is quite consistent with 
such an alteration, But on the principle that the transverse motion in the modified ray, so far 
as it corresponds to phenomena of light, is still defined by an exact expression, the new form 
of f will be consistent with equation (18). Consequently, as A and 4’ in that equation are 
arbitrary, the new ray will either be completely polarized, or will consist partly of a common ray 
and partly of a polarized ray. We cannot however suppose any alteration of the function dp, 
unless the forces be such as to destroy the luminous character of the ray; for on the particular 
form of @ which we found in Art. 4, depends the uniformity of propagation, a property which a 
ray of light is supposed to retain under the modifications here contemplated. It is unnecessary 
to point out the accordance of the above theoretical inferences with observed facts. 


16. A ray may also be modified by forces which act upon it continuously, as is the case on its 
intromittence into a transparent medium, the modifying forces being the retardations which the 
vibrations suffer by encountering the atoms of the medium. This kind of modification I have 
considered in my Paper on the “ Transmission of Light through Transparent Media, and on 
Double Refraction.” (Cambridge Philosophical Transactions, Vol. vut. Part tv. p. 524.) I 
have seen no reason to correct the Theory therein contained, and have only to remark, that the 
approximate equation in p. 529, which determines f, may be arrived at by reasoning similar to that 
in Arts. 2 and 3 of this Paper, as follows. We have, as in Art. 7 of the Paper cited, 


» as i du a ae r dv - 7 1S oe 
. = ee is = Ua a eS 
deem me dy dt dx dt 
d.fsdt 6 WSIBES SC! 
Hence, u=a". lg ; ee ek penile 
da dy x 


no arbitrary function of co-ordinates being added for the reasons heretofore given in Art. I. 


u v w : ; Pu ; 
Consequently => dw + i dy +—,dz must be an exact differential. This will be the case if 
a 3 ce 


s=fo', f being a function of v and y, and @’ a function of x and ¢. For then, 


F u df v df 
dt-= dt = Sk he i oa. ——5 0 —y, 
fs Ifo Sp; so that, = p de? 7) ity 
w dp U v w df df dp 
—=f— d — —d —dz= —". ae — dz=(d. . 
Jeng Pe amet a aa (a, da + ay) + fg Gae) 
ds ap du PREC 5st dv doh dw goto 
Als — =f—_, —=a"gog—., — =b°*og—., —=c"? . 
TE Bde Wa Kirk, ae, dees vs edgy» Gaumaaeeeee 
Hence by equation (4), 
& rales Hy Gis b? 
Be gba (2 Ao ary 
dt dz ce) fda c* fay: 


or, if = =h and ==], 
2 
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ip » &> te ie af 1 2) Os 


3 —. 5 +5.— 
dt 3" frida fe dy 


which equation resolves itself into the two following. (See Art. 3), 


a a 

h. f +1 eal BOP EW Gaqcosueacss csabeoacosal 22)\5 
da® dy” 

Po , Th 

dé ako aee + 4ec" = 0. Sstedeie sete eeaser eet sea(25))s 


The former of these equations is the one it was required to obtain. By reasoning like that by which 
equation (18) was derived, the analogous integral of equation (24) is, 


f= Acos2 Nie A’ cos 2 Jey. 


Hence it appears that a ray of common light cannot be transmitted in the medium so long 
as h and / are different quantities. Hence also two rays of opposite polarizations cannot in 
general be transmitted in the same direction with the same velocity, for in that case they would, if 
they were equal, be equivalent to a ray of common light. But equation (25), integrated in the 


P A 4 ; F ern ; oune, 
same manner as equation (11), gives for the velocity of propagation, ¢ Rs ‘ ae, which, if —— 
7 T 


be equal to the constant %, is the same for rays of opposite polarizations. In explanation of this 
2 


te A ake 7 
apparent contradiction, it is to be said that if —~ =, and consequently e = ae the value of f 
Tv 


2 


for a ray polarized in the plane of xx is cos —* Joa. which is not independent of h, and 


therefore not independent of the nature of the medium; whereas experience shews that a polarized 
ray remains the same under all circumstances, and is in no way affected by the medium through 
which it passes. That the value of f may be that which belongs to a polarized ray, we must 


, 


have X Wie the breadth of the wave; or, * = 2 


a But the velocity of propagation corre- 
sponding to X is c./1 +k. Hence the time of vibration of ‘a given particle, or the colour 


of the light, remaining the same, the velocity of propagation must be altered in the ratio of 


»’ to A, and consequently becomes a V/1 +k. This result was obtained by somewhat different 
considerations in Art. 8. of my Paper on Double Refraction. 


J. CHALLIS. 


CAMBRIDGE OBSERVATORY, 
March 2, 1848. 


XLI* Supplement to a Paper “ On the Intensity of Light in the neighbourhood of a 
Caustic.” By GrorcE BippEL Airy, Esq, Astronomer Royal. 


[Read May 8, 1848.] 


In a Paper “On the Intensity of Light in the neighbourhood of a Caustic” communicated to 
the Cambridge Philosophical Society about ten years ago, and printed in the 6th Volume of their 
Transactions, I shewed that the expression for the intensity of light near a caustic would depend 
on the infinite integral 


7 1 
1p COS — (w> — m.w)* | from w=0 to w=- , 
2 0 


where m is a quantity proportional to the distance of a point from the geometrical caustic, measured 
in a direction perpendicular to the caustic, and estimated positive towards the bright side of the 
caustic: and I gave a detailed account of the method of quadratures by which I had computed the 
numerical value of this infinite integral for the values of m — 4:0, — 3-8, &c. as far as + 40; and 
I exhibited in a table the computed values of the integrai. 

The computation by quadratures was exceedingly laborious, and I did not resort to it without 
trying other methods of a more refined nature. But in every attempt at expansion of the formula 
I was met by the integral of a sine or cosine with infinite limits. The reasonings upon which 
several mathematicians have attempted to establish the value of such an integral appeared to me so 
little conclusive, that I preferred at once to abandon the expansions which introduced them, and 
to rely only on the infallible but laborious method of quadratures. 


On my stating to Professor De Morgan, after terminating the calculations, the scruples“ which 
had led me to reject the expansions, he expressed himself so strongly confident of the correctness 
of the conclusions upon the point which I had considered doubtful, that I was induced to undertake 
the numerical computation of the series given by expansion of the formula. I proceeded at once as 
far as it was possible to go with 7-figure logarithms, when I was interrupted, and the computations 
were laid aside for some years. I have lately taken them up again, and have completed them as 
far as they can be carried with 10-figure logarithms. It is the result of this calculation, and the 
comparison of this result with that formerly obtained from quadratures, that I now beg leave to 
present to this Society. 

Before entering upon the numerical investigations, I will transcribe a letter which Professor 
De Morgan at my request has written to me, and which he has permitted me to publish. It 
contains an explanation of his views upon the evidence for the numerical certainty of the results 
obtained by such integrals as those to which I have alluded. 


* [retain this notation in preference to that which is commonly | any notation which requires the expression of a differential at the 
employed, partly because it is familiar to me, and because I have | end is for that reason objectionable. 
used it in the paper to which I refer, partly because I think that 
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“ University College, London, March 11, 1848. 
“In reply to your request that I would send you a sketch of the method which I 


. . 2 
‘communicated to you some years ago, for finding the numerical value of if cos (w* — mw) dw, I 


send you the following. I am not aware that there is anything about it peculiarly my own, or 
other than what would suggest itself as a matter of course to any one familiar with the current 
methods in definite integrals. 


‘‘ The series which I furnished depend ultimately upon the following formule :— 


co ‘ fe cos 20 

if 67 7089- Cos (r sin @.w).w" dw =T, 3 
r 

~ : : Ee sin 20 

if es 908 8. Sin (GSIDIOA 2) se) = —, 
pi 


in which r and @ are independent of w, rcos@ is positive, m is positive, and [’, stands for 


[e-*a"— "da, as usual. Under these conditions the theorems do not or need not rely upon any 


notion of algebraical as distinguished from numerical equality. Calling either of them /pw.dw, 
common arithmetical calculation would establish any degree of approximation between the conver- 
gent series @0.a + pa.a + p2a-a + .-. and the asserted value of the definite integral, if a were 


taken small enough. And this for any value of 6, from @=0 to 0= > — B, 2 being of any 


degree of smallness. But when @ = 


a) 


, the numerical character of the equivalence is lost, and the 


equations assume the same character as 1 -1+1-—1+...... =4, and are subject to the same 
discussion. 


“The above equations were first obtained by substituting a + b»/—1 for a in 

Ty 

a n 
67 7’ w"-'dw =—, 

I = 
which is an equivalence of numerical character even after the substitution, if a be positive, and 6 


(be it positive or negative) numerically less than a. For the use of the expansions of e~'"\/ —1 and 
(a+b Whe 1)~” in powers of b would produce an equivalence such as 


Ay + Ashe AGG once =, Feb aba teense 


where k =./—1, A,=B, is a numerical equivalence, and 4, is a convergent series. But, 
when 6 is numerically greater than a, a convergent series would be rendered divergent im inte- 
gration: and, when this happens, I do not see any way to place the divergent series so obtained 
upon the same footing as those of ordinary algebra. 


*< It is not however necessary to depend upon this introduction of divergency. If we call the 
two integrals C,, and JS, and differentiate both with respect to 0, we have 

dC, 

dé 


dS, 
dé 


r sin @.C,., — 7 cos 0. Sian, 


rsin@.S,4, + 7 cos @. C445 
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CKO! ds, 

whence TCu.) = rT) sin 9 + ae cos 0, 
as;,*. dC, 

7 S44) = 10 sin @ — 0 cos 6, 


from which it easily appears that for what value soever of m the equations first given are true, they 
remain true when that value is increased by a unit. And that they are true when = 1 is proved 
by common integration by parts. 


‘If instead of « we write w*, k being positive, and then for kn write n, we have 


aves : 1 nQ- 26 
f° e-7°88-** cos (r sin 0.w*).w"-'dw = _T_,..cos—.r * 
; ee Qe peri? 
. . bad 
fr e778 | sin (r sin 8. w*). w*-'dw = = ny. + Sin ” rk 
k (3) k 
“If r=1, and we call these integrals C, and §,, let us take 
; : 2a? 
cos (sin 0. w* — mw) = cos (sin 0. w*). {1 pe steer desl: 
2 
; 3p? 
+ sin (sin 0. w*). mw — Eee et 
2.3 
Multiplying by ¢~°**-.dw, and integrating, we have 
® = cosd.w : 3 m* m* 
Ue “cos (sin 6. * — mw) dw = C, + S..m — C;— - Si tere 


Tv . . . . 
“If we now make 0 = =s and observe that in this case C, vanishes whenever 7 is an odd 


multiple of 3, and S, whenever ” is an even multiple, we obtain 


nw m* m® m* 
cos (w® — mw) dw = C, — S, — — C, ————_-_+ S| =i vedcde 
Js ( ) iG AD SOR. 8 Re: G wervas B... 9 
m* m* m*° 
+ Sim + C, = S; -C, #8 fence 
2.3.4 Bae oao6o ri Or Sven aaah 
1 lo 1 4 m7\ m 1 7. m® 
= -—T, cos (=. ) - 5 Pesin (5.3). - 51, 08 (5 4) eesren 
Ss 3 2 ee Ss ye} 3 "9.3 0-16 
1 Qa 1 5 3 m* : m 
+-T sin (= ) m + = P300s (2 ) - 5 Tysin (5 =) — we 
3 3 3°2 SPs 3°2)°2.3.4 F 3/19 33@aR 
1 T m 4 1 m® i ee! m* 
=—-T,.cos—.fl1—--. —- +=.-->——_- sess + ...} 
ys mH Chas iS Smeryses6 S) SaS) 2 2S cea 
1 2 «mes 5 2 m 8 5 2 m° 
+ -—T,.cos =. {m-— + =.=. --.-.-. +...} 
oe SY Se3 Bo Si Vier Brecef Swe Se Se 2 oSiee 10 


«I may observe that the precautions which I have taken, to shew that the algebraical cases 
are limits of arithmetical ones, are not absolutely necessary in this instance. For if we resolve 
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fr cos w'dw into its successive positive and negative portions, we have A, — 4,;+ A,—- A;+... in 
which by 4.,,, is meant the portion of the integral (taken positively) which occurs from 
w* = (2n + 1) 5 to w= (2n + 3) = The greater 2 is made, the smaller is the interval of this 
partial integration; and these successive portions diminish, and diminish without limit, so that the 
series is convergent, and the error always less than the first term rejected. And J sin w'dw may 


be treated in the same way. 


“A. DE MORGAN.” 


The following numerical values occurring in the application of Professor De Morgan’s final 
series may be conveniently placed here :— 


Log I’, = 0°4279627493. 
Log r, = 0°1316564916. 


T 1 
With these series I have computed the values of he cos 5 (w® — m.w) (m =0 tom= =) 3 for 


w=-—5.6, —5.4, &c. as far as + 5.6: and I now exhibit a table of the results, compared 
with those deduced from quadratures as far as the latter were carried. Each term of the series 
was computed to 6 decimals, and one figure was struck off in the sum. 


Values of 
Integral by 
| (uadratures. 


Values of 
Integral by 
Series. 


Values of 
Integral by 
Quadratures. 


Values of 
Integral by 
Series. 


Values of 
Integral by 
Quadratures. 


Values of 
Integral by 
Series. 


+ 0700298 
+ 0 00431 
+ 0°00618 
+ 0°00879 
+ 0°01239 
+ 0°01730 
+ 0702393 
+ 0°03277 
+ 0704442 
+ 0705959 
+ 0°07908 


| 
| 


+ 0:00011 
+ 0:00018 
+ 0°00028 
+ 0°00041 
+ 0:00063 
+ 0:00093 
+ 0°00138 
+ 0°00204. 
+ 0°00297 


+ 0°00429 | 


+ 0°00621 
+ 0°00878 
+ 0:01239 
+ 0°01730 
+ 002393 
+ 0°03277 
+ 0704442 
+ 0°05959 
+ 0°07908 


+ 0°10377 
+ 0°13461 
+ 0°17254 
+ 0°21839 
+ 0°27283 
+ 0°33621 
+ 0°40839 
+ 0°48856 
+ 0°57507 
+ 0°66527 
+ 0°75537 
+ 0°84040 
+ 0°91431 
+ 0°97012 
+ 1:00041 
+ 0°99786 
+ 0°95606 
+ 0°87048 
+ 0°738939 


+ 0°10377 
+ 0°13462 
+ 0°17254 
+ 0°21839 
+ 0°27283 
+ 0°33622 
+ 0°40839 
+ 0°48856 
+ 0°57507 
+ 0°66527 
+ 0°75537 
+ 0°84040 
+ 0°91431 
+ 0°97012 
+ 1:00041 
+ 0°99786 
+ 0°95607 
+ 0°87048 
+ 0°73939 | 


+ 0°56490 
+ 0°35366 
+ 0°11722 
— 0°12815 
— 0°36237 
— 0°56322 
— 0°70874 
— 0°78018 
— 0°76516 
— 0°66054 
— 0°47446 


+ 0°56490 
+ 0°35366 
+ 0°11722 
— 0°12815 
— 0°36237 
— 0°56323 
— 0°70876 
— 0°78021 
— 0°76516 
— 0°66044 
— 047419 
— 0°22645 
+ 0:05193 
+ 0°32258 
+ 0°54475 
+ 0°68182 
+ 0°70818 
| +0°61515 
| +.0°41460 


It is impossible to make the calculation for larger values of m, positive or negative, even with 


10-figure logarithms, on account of the divergence of the first terms of the series. 


For the values 
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+ 5.6, the largest term in the series is 169-044826: and it is necessary to proceed as far as the 
45 power of m. The result + 0°000114 for m = — 5:6 is obtained by combining the sum of 
positive terms + 614°149962 with the sum of negative terms — 614°149848: and the result 
+ 0°414595 for m = + 5°6 is obtained by combining the sum of positive terms + 614°357203 with 
the sum of negative terms — 613°942608. For values of m greater than + 5°6, the calculation must 
be made in natural numbers. 


The agreement of the values of the integral, computed by methods so totally different, is not 
a little remarkable. On the one hand, it may be received by some persons as a proof of the 
correctness of that part of the theory of the series which asserts the evanescence of the integral of 


: aa 1 : : : 
a cosine when the limits are 0 and 7 the other hand it may be considered to afford evidence 


of the great care with which the quadrature computations had been made. 


For the last two or three sets of numbers compared, there is a trifling discordance. It will 
be remarked that in my account of the computation by quadratures I have shewn that difficulties 
begin to arise in the accurate computation for the values of m approaching to 4°0, (unless the 
actual summation were carried to higher values of w than I carried it in those computations). 
That the source of the discordances is in these difficulties and the consequent inaccuracy of the 
quadratures, and not in the inaccuracy of the series, is evident from the following consideration. 
The numbers computed by the two methods agree well for the values of m — 40, — 3°8, — 3°6: and 
as the quadratures there present no difficulty, it is reasonable to suppose that both sets of numbers 
are accurate (within such limits as are possible for the sums of numerous figures). Now the terms 
of the series combined to form the value of the integral for m = + 40, + 3:8, +3°6, are exactly 
the same as those by which the value of the integral for m = — 4°0, — 3°8, — 3°6, is formed: the 
only difference being that they are combined in a different manner, and therefore, from the evident 
accuracy of the series for m = — 4:0, — 3°8, — 36, we are entitled to infer the accuracy of the 
series for m = + 4:0, + 3°8, + 3°6. 


G. B. AIRY. 


Royat OxsservaTory, GREENWICH, 
March 24, 1848. 


XLII. Some Remarks on the Theory of Matter. By Roxsert L. Evxis, M.A., 
Fellow of Trinity College, Cambridge. 


[Read May 22, 1848.] 


In the present state of Science, there are few subjects of greater interest than the enquiry 
whether all the phenomena of the universe are to be explained by the agency of mechanical force, 
and if not whether the new principles of causation, such as chemical affinity and vital action, are to 
be conceived of as wholly independent of mechanical force, or in some way not hitherto explained 
cognate and connected with it. One reason among many which makes this enquiry interesting is 
the circumstance that the application of mathematics to natural philosophy has, up to the present 
time, either been confined to phenomena, which were supposed to be explicable without assuming 
any other principle of causation than ordinary ‘‘ push and pull” forces, or as in Fourier’s theory of 
heat and Ohm’s theory of the galvanic circuit, have been based on proximate empirical principles. 


2. The intention of the remarks which I have the honour to offer to the Society is to suggest 
reasons for believing that while on the one hand it is impossible not merely from the short-comings 
of our analysis but from the nature of the case to reduce, as it appears that Laplace wished to do, 
all the phenomena of the universe to one great dynamical problem, we cannot recognise the 
existence of any principle of causation wholly disconnected with ordinary mechanical force, or of 
which the nature could be explained without a reference to local motion: in other words, that 
the idea of ‘* qualitative action” in the sense which the phrase naturally suggests must be rejected. 
It will be seen from the explanations I am about to attempt that the objection which Leibnitz has 
opposed to the atomic, and in effect to any mechanical philosophy, namely, that on such principles 
a finite intelligence might be conceived to exist by which all the phenomena of the universe would 
be fully comprehended, does not (whatever may be thought of its validity) appear to apply to the 
views which I have been led to entertain. For these views essentially depend on the conception of 
what may be called a hierarchy of causes, to which we have no reason for assigning any finite limit. 
Of this series of principles of causation, ordinary mechanical force is the first term. 


3. With respect to the first point, namely, the impossibility of explaining all phenomena mecha- 
nically, it may be remarked, that we are met, in the attempt to discuss it, by the difficulty which 
always attends the establishment of a negative proposition. It is clear that as in the present state 
of our knowledge we are far from being able to enumerate and classify the phenomena which 
are or which might be produced by the combined agency of conceivable mechanical forces, we 
are not in a position to decide a@ priori that any given phenomenon might not be thus produced. 
Non constat, but that the impossibility we find in the attempt to explain the causes of its existence 
may have no bigher origin than the imperfect command which we have as yet obtained of the 
principles of mechanical causation. We meet, it may be said, with a multitude of ordinary 
dynamical problems which have as yet received no adequate solution—why then should we have 
recourse to new kinds of causes, while we have not as yet exhausted the resources, if the expression 
may thus be used, of those which we already recognise? To this enquiry no conclusive answer 
can be given, but the following considerations will I think naturally suggest themselves. 
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4. In the first place, no even moderately successful attempt has, I think, yet been made to 
explain any chemical phenomenon on mechanical principles. It is quite true that we are unable, 
to take a particular instance, fully to comprehend the mechanical constitution of the luminiferous 
ether; the determinations which have as yet been attempted of the law of attraction between its 
molecules cannot, I apprehend, be accepted as any thing more than hypothetical or provisional 
results, and there are other points involved in yet greater obscurity. Nevertheless the undulatory 
theory of light has, as we all know, given consistent and satisfactory explanations of a great 
variety of phenomena. Thus it appears, and the same remark might be educed from other 
though similar considerations, that we are by no means absolutely estopped by the imperfection 
of our mechanical philosophy, from explaining phenomena really due to mechanical forces, even 
when these phenomena are connected with subjects not as yet fully comprehended: why then 
cannot some progress be made in the mechanical explanation of chemical phenomena, or of those, 
to mention no other class, which we are in the habit of referring to vital action? In these 
cases, we see or seem to see that the action of mechanical laws is modified or suspended ; and 
though it is not demonstrably impossible that this is not really the case, and that no other 
causes are at work beside the ‘* push and pull” forces of ordinary mechanics, yet we are at least 
much tempted to believe, that the difficulties we meet with do not arise from what may be called 
the disguised action of mechanical forces but from the presence of an agency of a distinct nature. 
And to this view we find that most of those incline who have made themselves familiar with the 
science of chemistry or with that which has been called biology ; and further that, (with reference 
to the latter science) the insufficiency not only of a mechanical but even of a chemical physiology 
has been generally admitted. 


Secondly, it is to be observed that even if it be considered doubtful whether a mechanical 
philosophy be not after all sufficient for the explanation of all phenomena, it is at least certain 
that it has not been proved to be so: and that by rejecting other conceivable modes of action than 
those which are recognised by it, we unnecessarily and arbitrarily limit the problem which the 
universe presents to us ; falling thereby into an error similar to that of the atomists, who starting from 
the assumption that the apxat, or first principles of all things, are atoms and a vacuum proceeded 
to construct an imaginary world, in accordance with this arbitrary hypothesis. At the same time it 
must be granted that a purely mechanical* system such as that of Boscovich is more self consistent 
and contains, so to speak, less that is discontinuous, than any which should recognise other 
principles, for instance chemical affinity, distinct from force without enquiring into the relation 
which subsists between them. 


5. It may however be asserted that this enquiry is altogether superfluous—that the power 
of exerting attractive or repulsive force is one property of matter that chemical affinity, (and so 
in other cases,) is another—that the two are not merely distinct, but absolutely independent and 
heterogeneous. But to this view the arguments which seem to have led to the adoption of a 
purely mechanical system, appear to prevent our assenting. I shall therefore attempt to state 
what I conceive these arguments to have been. 

6. It is a fundamental principle of the secondary mechanical sciences, for instance of the theory 
of light, that the secondary qualities of bodies are to be explained by means of the primary. 
Every substance, to use for a moment the language of Leibnitz, is essentially active; in other 
words it is to be conceived of as the formal cause of the sensible qualities which are referred to it. 
If we ask why gold is yellow and silver white, the answer at once presents itself that the difference 


* The word mechanical is of course not used in antithesis to | tion is foreign to the scope of the present essay, and I have 
dynamical, in the sense in which the latter is commonly employed | accordingly elsewhere used the word dynamical in its ordinary 
by the philosophical writers of Germany. The antithesis in ques- | acceptation. 
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of colour corresponds and is due to a difference between the essential constitution of the two 
substances. Now the essential constitution here spoken of, and consequently the differences which 
individuate it in different cases, may conceivably be something altogether incognisable to the human 
intellect. The notion that it is so was expressed scholastically by saying that substantial forms are 
not cognoscible. But if, setting aside this opinion, we affirm that the essential constitution of 
each substance is a matter of which the mind can take cognisance, we are led at once to the 
distinction between primary and secondary qualities. The first are ascribed to each substance as 
its essential attributes, in virtue of which it is that which it is—the second result from the primary *, 
(by which as we have said the essential or formal constitution of the substance in question is deter- 
mined,) and have reference to the mind by which they are perceived, while the primary are ascribed 
to it independently of any reference to a percipient mind: and a distinction, analogous or identical 
with that between primary and secondary qualities, has accordingly been expressed by the anti- 
thesis between that which is a parte hominis and that which is a parte universi. That the 
distinction between primary and secondary qualities is necessary on the hypothesis on which we are 
proceeding, appears at once from the consideration that if we affirm that all the qualities of bodies 
of which we can form any conception are equally subjective and phenomenal, nothing will remain 
of which the mind can take cognisance, and by means of which our conception of the nature of any 
one substance can be discriminated from that of any other+. Let it be granted therefore that the 
distinction of primary and secondary qualities is a necessary element of physical science. It follows 
from this that the secondary qualities in a manner disappear when we look at the universe from the 
scientific point of view. Instead of colours we have vibrations of the luminiferous ether— instead 
of sounds vibrations of the ambient air, and so on. Now from hence it follows that all the 
phenomena which we see produced, of whatever nature they may be, are all in reality dependent on 
the primary qualities of matter. Furthermore, these primary qualities themselves all involve the 
idea of motion or of a tendency to motion. A body changes its form in virtue of the local motion 
(absolute or relative) of some of its parts; and when I press a stone between my hands, I find that 
I can produce no sensible change of form, while contrariwise the stone reacts against my hands, 
tending to make them move in opposite directions. I then say that the stone is hard as a mode of 
expressing this, viz. that when an attempt is made to produce relative local motion of its parts, it 
resists it in virtue of its reactive tendency to produce motion in that which acts upon it. Again, 
a body whose parts are readily susceptible of relative local motion is said to be soft or fluid, and 
when a sensible change of form is accompanied by a tendency to such motion as shall restore the 
original form, it is said to be elastic, and soon. We thus arrive at a point of view at.which all 
secondary qualities having disappeared, and all primary ones + having been resolved into motion 
and tendency to motion, the sciences which relate to phenomena appear to be resolved into the 
general doctrine of motion. But if this be true the universe can it is said present to us nothing 
but one great dynamical problem. Motion, and force the cause of motion, belong essentially to the 
domain of mechanics: and if chemical affinity be a cause of local motion, that is, if in virtue of its 
action || a particle of matter finds itself at a given time in a position different from that which it 
would else have occupied, chemical affinity is not really distinct from mechanical force (which 
looked at from the dynamical point of view includes everything which is a cause of motion) ; 
whereas if it be not a cause of motion the enquiry at once presents itself of what is it? In illus- 
tration of this view we may refer to any chemical experiment. If an acid is dropped into a glass 
containing any vegetable blue, the colour is changed to red. But to say this is to say that the 


* Or that which in its formation it was to be, to vé qv | with more or less success attempted in the seventeenth century, 
elvat. the restoration of science. Vid. Leibnitz, Epist. ad Thomas, 1. 

+ The doctrine of the cognoscibility of substantial forms, 
which is intimately connected with this distinction, is as Leibnitz 
in effect remarks, as it were the common character of those who 


+ That is, all that are commonly enumerated as primary 
qualities. 


|| As, for instance, in the phenomenon of crystallization. 
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liquid when the acid is introduced into it begins to act on the luminiferous vibrations which exist 
near it in a different manner from that in which it had previously acted. The whole change, whe- 
ther we call it a chemical phenomenon or not, consists in the introduction of new forms of motion 
in virtue of the action of mechanical force. 


7. From considerations of this kind it appears to follow that a complete explanation of all 
phenomena would introduce no principles beyond those with which the science of mechanics 
is conversant. And in truth if the conclusion drawn had been that all phenomena might, if our 
knowledge of nature were sufficiently extensive, be reduced to cinematical considerations (using 
the word cinematics in the large sense in which it is equivalent to the doctrine of motion), 
I do not see how on our fundamental hypothesis we could refuse to assent to it. But the con- 
clusion drawn by the maintainers of the all-sufficiency of a mechanical philosophy is something 
different from this—and as I conceive the error they appear to have committed is to be sought 
for in this discrepancy. But before entering into the discussion of this point, I will make a few 
remarks on certain points in the history of what may be called the theory of matter. 


8. If we suppose the maxim that secondary qualities are to be explained by means of the 
primary to have been accepted (either in that or in some equivalent form) or if not formally 
accepted, at least unconsciously assumed, at a time when the idea of mechanical force was as yet 
very imperfectly apprehended—the natural result of this state of things is the formation of 
an atomic theory. For in order to individuate the constitution of any given body, we could only 
have had recourse to the configuration or motion of its parts. Gold, to return to our previous 
example, was said to be yellow in virtue of such and such a configuration of its parts; since 
except configuration there appeared to be no disposable circumstance*, if I may so speak, 
whereby gold was in its intimate constitution to be distinguished from silver or from any thing 
else. But this configuration must be independent of the body's visible and external form, since 
changes of the latter do not affect the body’s sensible qualities. Hence it must be a configuration 
of small parts, and we are thus at once led to the primitive form of the atomic thecry. In this 
the atoms possess the primary qualities of larger bodies—they are of various forms and act if the 
expression may be used by their forms, not by being centres of attractive forces. Such was the 
atomistic system of the school of Democritus+—a system which as we know found no little favour 
among the scientific reformers of the seventeenth century {. As an instance of the influence it 
exerted, I need only mention the great work of Cudworth, in which it is presented apart from 
the atheistical doctrines with which it had often been connected. Cudworth goes so far as to 
‘affirm that Democritus and his followers had corrupted and degraded the atomistic system which 
was originally altogether free from any irreligious tendency and which he sought to restore 
to its first estate. 


But as the imperfections of the atomic system became manifest, and on the other hand mecha- 
nical conceptions came to be more developed a new form of this system arose. The atoms, 
retaining their forms and those which are commonly called their primary qualities, were now 
supposed to act as centres of attractive force, in other words, each atom was to the rest a cause of 
motion. But as the ordinary ‘‘ primary qualities” of bodies may as we have seen be analysed into 
conceptions which involve nothing beside motion and force, this new form of the doctrine may 
clearly be considered merely as a state of transition to that which is now known by the title 


* Specific differences of motion seem for more than one reason | with in the writings of modern historians of philosophy, Zeller’s 
not to have been used in giving an account of the differences of | Philosophie Der Griechen, 1. § 10. 
bodies. + The physical theories of Des Cartes, though not properly 
+ See for a more favourable, and I think, a juster view of the | atomistic, since he proceeded on the hypothesis of a plenum, yet 
philosophy of Democritus than that which we commonly meet | in many respects are akin to those of which we are speaking. 
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of Boscovich’s theory*. To Boscovich appears to belong the credit of having perceived that 
if the atoms were conceived of simply as unextended centres of force the primary qualities of 
bodies might sufficiently be accounted for without supposing them to result from the primary 
qualities of their constituent atoms—a mode of explanation of which, though there has been 
something like a return to it in some recent speculations, it may be observed that it explains 
nothing. Boscovich’s theory seems to have been so completely in accordance with the direction 
in which mathematical physics have of late been moving, that it was adopted as it were uncon- 
sciously—almost all modern investigations on subjects connected with molecular action are in 
effect based on his views, though his name is, comparatively speaking, but seldom mentioned. 
And this theory, (whether or not the hypothesis of the existence of discrete centres of action 
be or be not essential to it, a question connected with that which in former times caused so much 
perplexity, namely, the nature of continuity, and which it is not necessary to my present purpose 
to consider), is in truth the highest developement which the mathematical theory of matter has as 
yet received —it is that on which the pretensions of mathematical physicists to vindicate for 
their own methods the right, so to speak, if not the power, to explain all phenomena mainly 
depend. Adopting for the sake of definite conception the received form of this theory, that namely in 
which the centres of force are discrete and at insensible distances from each other, I now shall 
attempt to show what ulterior developements it admits of, and how by means of these the 
error noticed at the close of the last Section, namely, the confounding the admission that all 
phenomena are to be explained cinematically with the assertion that they can all be explained 
mechanically may be met, and, as it seems to me, sufficiently refuted. 


9. I begin by observing that though we speak and shall continue to do so of the action of 
matter on matter, yet that no part of the views I am about to state depends on the hypothesis we 
adopt touching the nature of causation. They would remain unchanged whether we accept a 
theory of pre-established harmony, or one of physical influence, or whether we abstain from all 
theories on the subject. This being understood, we may, I think, lay down the axiom that 
whatever property we ascribe to matter, we may also ascribe to it, the property of producing in 
other portions of matter the former property. Of this axiom the present state of Boscovich’s 
theory affords a familiar illustration. Every portion of matter is locally moveable, therefore we 
may ascribe to any portion of matter the power of producing motion in any other, hereby giving 
rise to the whole doctrine of attractive and repulsive forces. At this point we have hitherto 
stopped, but for no satisfactory reason. We may proceed farther, and we are therefore bound, 
in constructing the most general possible hypothesis, to do so: we may ascribe to each portion of 
matter the power of engendering in any other that which we call force, in other words the power 
of producing the power of actuating the potential mobility of matter. It is not @ priori at all 
more easy to conceive that A should have the power of setting B in motion, or of changing the 
velocity it already has, than that C should have the power of enabling A to act on B, or of 
changing the mode of action which A already possesses. And let it be observed, that the new 
power thus ascribed to C is as distinct from force, as force is from velocity. The two are related 
as cause and effect, but formally are wholly independent. Now unless this hypothetically possible 
mode of action can be shown to have no existence in rerwm naturd, it is clear that the inference 
from the conclusion that no phenomenon can be imagined not resoluble en derniére analyse, into 
local motion to the assertion that mechanical force is the only agency to be recognised in the 


* It is, I believe, known that Boscovich’s fundamental idea | objected on the principle of sufficient reason to the want of any 
was deduced by a not unnatural filiation from the monadism of | thing to individuate the atoms of Boscovich; and, at Jeast in the 
Leibnitz. Yet the scope and limits which he proposed to himself | latter years of his life, to the ‘*Ferne Wirkung,”’ on which the 
differ essentially from those of the German philosopher, inasmuch | whole theory depends. 
as they are essentially physical. Moreover, the latter would have 
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material universe is altogether illusory. For matter may act on matter in a manner wholly 
distinct from force, and yet this kind of action shall, ultimately and indirectly, manifest itself 
in modifications of local motion. Furthermore, if for an instant we call this kind of action 
(force)*, we shall at once be led to recognise a hypothetically possible mode of action of matter on 
matter which in accordance with analogy we shall call (force)*, which consists in the power of 
modifying (force)*. And so on, sine limite. 


10. If we compare the language in which the relation between mechanical force and chemical 
affinity is commonly spoken of, we shall I think perceive its analogy with that which I have used 
in describing the mode of action which we have called (force)*. Its chemical affinity is spoken 
of as something which suspends or modifies the action of force, as something distinct from it, but 
which yet interferes with its effects. Or again, if in physiological writings we observe the manner 
in which vital action* is described we recognise, or seem at least to do so, the possibility of referring 
its effects to that mode of action which we have called (force). I do not however wish to lay 
much stress on these similarities, because I think the kind of reasoning we have pursued shows 
more satisfactorily than they can do, that if chemical affinity and vital action are not resoluble into 
force, they must be referred to some of the modes of action we have pointed out. 


It would be useless to remark on the many points of speculation which here present themselves. 
The expansion of bodies by heat may however be particularly mentioned, because notwithstanding 
what has been learnt with relation to the theory of heat, nothing like a mechanical explanation 
of this phenomenon has as yet been discovered. It seems to depend not on the introduction of new 
mechanical forces, but on a modification of those which already exist ; such modification, in cases 
of ordinary conduction, being propagated from one part of the body to that which is next it.— 
It is easy to conceive that by an alteration in the function which expresses the mutual action of 
the molecules, the body may pass into a new state of equilibrium in which the average distance 
between adjacent molecules may be increased or diminished. If such an explanation could be 
established, we should have a case of the action of (force)’. 


11. In conclusion, it may be well to remark that mathematical analysis is conceivably as 
applicable te these new modes of action of matter on matter as to ordinary questions in dynamics. 
It is, however, easily seen that as in these we deal chiefly with differential equations of the second 
order, and in merely cinematical questions with equations of the first only, so coutrariwise when we 
introduce higher powers of force (so to call them) we shall correspondingly have to do with equa- 
tions of higher orders. I venture to predict with a degree of confidence, which doubtless I shall 
not communicate to many, that if we ever succeed in establishing a mathematical theory of chemistry, 
it will be as much conversant with equations of the third or of a higher order, as physical astro- 
nomy is with equations of the second. 


ae ae 
May 1, 1848. 


“ Iam, of course, not to be understood as suggesting a materialistic explanation of phenomena of thought or volition. 
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XLII. Methods of Integrating Partial Differential Equations. By Atcustus 
De Morgan, of Trinity College, Cambridge, Secretary of the Royal Astro- 
nomical Society, and Professor of Mathematics in University College, London. 


[Read June 5, 1848.] 


Tue following methods for the treatment of certain cases of partial differential equations of two 
independent variables will be interesting, both as having something new, and as combining and 
bringing together some isolated instances given by different writers. 


FIRST METHOD. 
Let the differential equation be 


co) (2, Ys Ps q) = 0, 


dz dz 
p and gq meaning rr and ae Contrive that this equation, @ = 0, shall be the result of elimi- 


d 


nation between two others, A = 0, B=0, or, at full length, 


A (2, Y, DP, J v) = 9, B(a, Y, P, q, %) = 9. 


Accordingly, v is an implicit function of w and y. Let 7, s, and ¢, as usual, be the second 
differential coefficients of x, and form the four additional equations 


dv dv 
A, + A,r + Ags + A, 7 = 0 B,+ Bor + Bys + B,— = 0, 
dv dv 
Beane hanes ire S Dat Bes Bak Berges 
From the six equations* eliminate p, q, 7, 8, ¢5 there will result an equation between 
dv dv : ‘ ; 
Ly Y> Vs Fae Pig which will often be more tractable than @ = 0. When, after integration, v is 
vw dy 


found in terms of # and y, p and q can be found in the same terms from 4=0, B= 0, and 
then z from ds = pda + qdy. 
This method was derived from the suggestions afforded by a previous treatment of the equation 
Apq+ Bp + Cq+D=0, 


A, &c. being functions of « and y; which occurs in the process of developing any surface which 
admits it upon a plane. Reduce the preceding to the form 


(p+ P) (d+ Q)=R. 


* With regard to the notation, I must state that by such a | however useful it may be as an abbreviation, almost as useful in 
symbol as 4, 1 mean the partial differential coefficient of 4 with | the way of distinction. It points out the ultimate and elementary 
respect to a, as obtained from an equation in which 4 is explicitly | process, on one or more of which the implicit differential coeffi- 
given in the form d= (a,......). I have found this notation, | cients depend. 
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Let p+P=WMv, q+ Q=—. 
v 
MN being any convenient resolution of R into two factors. We have then 


dw 
daaet coe + M,v, 


d 
eo = Ne? ee. 
vw dx v 
dv Ndv N. 
M —+—— = = ees 
dy wdw sil ah v y” 


which depends on ordinary differential equations. But it must be observed that the integration 
of this subsidiary equation frequently leads to a form from which v cannot be directly exhibited as 
a function of w« and y. Where this happens, we must obtain a particular form which contains one 
arbitary constant; another will be introduced in the integration by which x is obtained; and 
Lagrange’s process may then be applied to the primary form so obtained. 


For example, let pg=pa+qy, or, (p — y) (¢-) = 2y. 
dv 


Let p—y=av, 8—-1=2 —, 
dy 
! me Oe Lee he 
iia ame eS dy edz ” 


or a’v’-y?=f(v). Let fv =av*, and we have 
v 


See 5S = == =¢ Fe 
/ (#* = a)’ PA. Sat = > q C+Vw@0 a, 


a 


s=ryt+yVu—-ar+b. 
Let b = ga: then the general solution of pg = px + qy may be obtained by eliminating a from 
v= ayt+y/(ae* -a)+ a, 


© = 


o=- 


¥y , 
2 4/ (a — a) Fae 
But if we take p—y=v, we find 


and we ultimately obtain the same form. 
We may also obtain as the primary solution 
s = /.(a -a) (y - pa) + ty + a. 
If we apply the whole process to pq = @«. Wy, we find for a primary solution 
e=2o/ {pie (ny— a} + fa, 


where giv= [peda Wy = fyydy. 
Next, take the instance (p + q) (pe + qy) =1. 
412 
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» 
1 


Let pe +qy=r, p+q=-- 
v 
Form the four other equations and eliminate, which gives 


p Me (v° dy 
+ 2) — v’ +y) — =%, 
Oe ay 


2 9 
Ee Hf VS i 
or = = we 7 iN 
v v 


y — an 
Let fv = av; then v ey , 


= a 


a 1 1 1 


Wie)’ PAGE) ty WES ae Sena 


— AV 
PRAY fle 4 De 


lia 


For —a@ (1 — a)~' write a: then we deduce the general solution by eliminating a between 


B= 2y/fa(uv —y) + yt + ha, 


0= aaa! oe pa 
/ {a (w-y) +y} ; 
Let Ap? + Bpq+Cq =D 
which can be resolved into (p + Hq) (p + Lq) = MN. 
Let p+Kq= Mv, p= (= -LMv } (Ke) 1) mes 
v 
N 
p+Lq=—, = (tv -=) (kK - L)™. 
v 


The two values of s thence derived, equated to each other, give the equation for determining v. 
Accordingly, since A &c. may be any functions of # and y, the general equation of the second 
degree is reducible to ordinary differential equations, provided that x do not appear in it. 

In these examples, I have chosen, merely for simplicity, cases in which p and q are explicitly 
found, and the values of s equated. This amounts to exhibiting @=0 under the form of 
A=0 and B=0, and determining v so that pdxw + qdy may be a complete differential. And 
in like manner as every particular value of v leads to a particular value of z, so does each 
value of x lead to one of v. And in this way a particular solution of one partial differential 
equation may lead to a particular solution for another and a more difficult one. Thus, if p=0 
be derived from A =0, B=0, leading to the new partial equation U=0; and if it also be 
derived from dA’ =0, B’= 0, leading to U’'=0: by means of a solution of U = 0, leading to a 
solution of @=0, one solution of U’=0 may be found. 


Take the instance /P + rA/q = 22; 


or p=(w-v), gq = (w+ 0), 


dv dv 
(v + v) re + (w -v) al =- (vv), 
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bpp ea =f(v+), say =a, 


v+a2r 
| el Baty 
GT+y—a@ 
2 42ay — 2ax\* ‘ 
az=(* ry =") ” x dy; 
co+y-—a (~+y—- a)’ 

4 4 
ee 

3 v+y-—a 


Make b= qa, and proceed as before. 
Another form of solution is derived from v + # =a, or 


dz = (2@-a)'dza + ady, 


1 
== (2@ — a) + ay + pa. 


Resolve the same equation into 


giving vv 


av 2 d 2 2 9; 2 
From the solution of the original take q = (——) and make (—~.,] = ( =") ; 
Oy — se S+y—a 1+v 


a 
CO 
vV+y — 2a 


This ought to be a solution of the differential equation last written, and it will be found 
to be so on trial. 


SECOND METHOD. 
Let there be given the equation 
P (2% Ys 2% Ps % 7% & FY =0. 


t 
Interchange p and 2, gq and y, x and pe+qy-x, rand ae and 
rt —s 


- 
# and ———. 
rt 


_ s? 2 
: t -—s r 
giving o(p, Pepe Use @> 9) a) oe? =—)- 0. 
If either of these equations can be integrated, say by 
Z=v(%X, ¥), 
then the solution of the other is obtained by eliminating Y and Y from 
dZ dZ 


5 ae &. (hae 


s=aX+yY —- Z. 
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The root of this theorem lies in the following, that the interchanges above mentioned do 
not alter the truth of the equations 
dz =pduxv+qdy, dp =rdu+sdy, dq =sdx +tdy, 


so that we have 
d(pw + qy — %) = wdp+ydq, 
s 


dp — dq, 
rt — * ig rt —s* q 


8 r 
dy = — ———. d 
| ree! ape 


Let w, y, x be considered as functions of p and q, derived from the equations 


S (2, y, %) = 0, fet f.p =, Sy th Y= 93 
but remark that there is a case of exception, namely, when the second and third equations 
give simultaneous elimination of a, y, and z, or lead to (p,q) =0. Since 


v= px +qy — [(wdp + ydq), 


xdp + ydq must be a complete differential. Let it be dv, then we have, v being a function 


of p and q, 
v0 
i=— a5" S=pxr+qy-v. 


Let the second differential coefficients of v be p, o, 7, we have then 


de=pdp+odq, dp =——,da- _ dy, 
PG: Pt i: 
dy =odp+rdq, dq=- zl 5 da + , dy, 
(PET a: ize OG: 
whence r= i =H alt cane a Peele. : 
Pit fp or PT AG 


Hence, in order to make p and q the independent variables instead of 7 and y, we must 


assume a function v, of p and q, such that 
dv dv dv dv 


ee Y= da? 


and then we must find » by integrating 
es dv dv dv T NG; p ) La 
\dp? dq’? dp ‘dq pega pt-o pt—a pt-—a ey 
The manner in which I first stated the theorem changes the meaning of the letters w and y 


without changing the letters themselves. 


Of this method, I find one instance. 
as a casual artifice for the reduction of 


fi (ps) -1 +f (ps. 7)-8 + fs (PM -t = 9, 
to Si (9) -% fr (@,y) «8 + fy (@y) t= 0. 


Legendre (see Lacroia, Vol. 11. p. 622) has employed it 
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But I am not able to find that it has ever been applied to any equation of the first order. 
Lacroix (Vol. 11. p. 558) gives something as near to the whole method as can well be imagined. 
He sees everything except the completely interchangeable character of = and px +qy— x; that 
he did not see this last may be suspected from his making the restriction that must only enter 
in pa +qy-2%. 

It is to be noted that, so far as equations of the first order are concerned, the solution takes 
exactly the same form, even though we can only integrate the transformed equation by reducing 
it to 

dy 5 


W(X, ¥,Z,4)=0, Y= 


d d ‘ 
dx and = are unaltered. There is now one equation more, eS 0, and 


one more quantity, A, to eliminate. 


for the forms of 


Let the first instance be 
Ax+ By +Czx+D=0, 
where each of the four, 4, &c. is any function whatever of p,q, and px +qy—x. The transformed 
equation is obviously of the form Pp + Qq +R =0, where P, Q, R are all functions of x,y, z. 


Lagrange has given a laborious method for the integration of x = pq, and Lacroix (Vol. 1. 
p. 565) does not refer to p. 558, I suppose for the reason just given. The transformed equation is 


px+qy —x = xy, of which the integral is 


s—-a2y=af (2) : 


We may therefore find the general solution of x = pq from 
= ey. 26 =) 
za Xz), on ¥-5r(z)+4(3): 
=-x+f(5). s= AY. 
rs ey es 


Generally, however, the most convenient method is to select an appropriate primary solution, and 
then to use Lagrange’s process. This may be done, if we please, from the common differential 
equations which integrate the transformed partial ones. These are, in the present case, 


x= vy + ba, Yy = ax. 
The retransformed equations are 
pet+qy-z=pq+bp, q=ap. 
With these, and s = pq, eliminate p and q, which gives 


2+ay-—b) ‘ Sai al 
z eae » so that we have the general solution by eliminating a from 


4a 
Ey r d: 
(w@+ay+@a) and 2 


r= 
= a < 


4a a 


= 0. 


But we may often, most often I think, procure the primary solution in an easier manner from the 
result of the complete method. Let fx =az +b, and we then have 


e=Y+, Ui ake tee ae @) a5 
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or x= («x —b)(y—a), a very obvious solution. Hence we must eliminate a@ from 


x= (a—-a)(y -4), 0=(#-ga)+(y¥-a Pa. 


» 


In my Differential Calculus, p.717, I gave a method for the general case x = (p,q); but 
the following, derived from the present method, is preferable. 


Let F(X, a) = [p(X, aX). XP7dX. 
VY 4 
TI Za (x, =) (=) 
nen if x) +t AF x)? 


with which proceed as before. 
Of the instances which I have tried by the other method, 


pq=px +qy gives pw+qy= vy, from which 


de ; 
yavas(s), e=4¥-yl lz) 


LN anY: y 
y 4x+—2F(¥)> r=4XY-f(5). 


In this case we may conveniently take the retransformed equations 


Z 


q = op, pe+qy—2=4pq+6, which with pq= pz +qy; 


give 2a(z+b)=(a+ay)’, say 2ax+ b= (wv + ay)’. 


Again, (p +9) (p« +qy) =1 transforms into 


1 y 
é a =] x <i : 
a) OS UE) Sy AO Bla f (2) 


+b, which will show that the general 


Treat this by the method, and assume fs = ; 
+8 


solution can be obtained by eliminating a between 


z= - +—— +a, 


f=) 
ll 
| 
& 
i 
S 
at 
+ 
a 
I 


The equation /p +4/q = 22 transforms into 
fvrr/y=2p, or s=tatefaoy +fy, 
vw=3 X43 ¥3, 
y— 4 
e=4XI-1LXVI+Vf'Y -fY. 


This is not an easy form. But if we take the retransformed equations 


q=a, putqy—x= tpi +h pq + bs 
and join p?+ q?=2« with them, we find 


x =4(@a@-a)+a’y+b, a primary solution, being the one already obtained. 
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The equation ar+bs+ct=(rt—s°).f (p,q) 
transforms into at —bs +er =f(a,y), which, a, 6, c, being constants, is integrable. 


Since r# —s° transforms into (r¢—s*)-', the equations rt—s*= f(p, q), and rt-s*= 
{f(«,y)}7' depend each upon the other. 


The failure of this method in the case of developable surfaces may be illustrated geometrically, 
as follows. Let the equation @ =0 be that of a surface, and for each point (v,y,%) of that 
surface, take another point having for its co-ordinates p,q, pa+qy- x. The surface which has 
the second point for its locus is conjugate with the first; that is, what properties soever connect the 
first with the second, the same connect the second with the first. This conjugation cannot exhibit 
any absolute geometrical properties, for the conjugate surface depends, as to what it shall be, not 
only on the primitive surface, but on the position of the axes of co-ordinates, and also on the linear 
unit chosen. Thus it will be found that the conjugate surface of a given sphere is a double 
hyperboloid of revolution, having for its real axis the diameter of the sphere which is parallel to 
the axis of z, and for its imaginary semiaxis the linear unit. Now when the first surface is 
developable, its conjugate surface becomes a cylinder described by a straight line parallel to x, 
guided by the curve f (p,q) = 0 on the plane of xy. There is then no relation which involves all 
the three co-ordinates. 

It may be worth while to notice, that we can at pleasure obtain forms for elimination which 
reproduce the function originally given, by assuming an equation which is its own tranformation. 


A. DE MORGAN. 


Universtry Cottece, Lonpon, 
April 27, 1848. 


June 1, 1847. I had finished the foregoing Paper, as here written and dated, and it was in the hands of 
a friend for transmission to the Society, when I happened to have occasion to turn over all the Notes of M. 
Chasles’s Apergu Historique ....des méthodes en Géométrie, that I might collect all that has reference to the history 
of Arithmetic. To my surprise, at Note xxx. p. 376, under the head Sur les Courles et Surfaces réciproques 
de Monge, being an account of an unpublished memoir of Monge in possession of the Institute, I found the 
second of these methods fully described. But to judge from all elementary writings, as well as from the apparent 
resources of those who have had to use modes of integration, this method is not known: and therefore I do not 
abandon my intention of communicating it to the Society. ‘ 

A. DE MORGAN. 


Vout. VIII. Parr V. 4K 


XLIV. Second Memoir on the Fundamental Antithesis of Philosophy. By 
W. WueEweE LL, D.D., Master of Trinity College, and Professor of Moral 
Philosophy. 


[Read November 13, 1848.] 


31. Iw the course of 1844 I had the honour of reading before the Philosophical Society a 
Memoir On the Fundamental Antithesis of Philosophy ; and this Memoir has since been printed in 
the Society’s Transactions. The Fundamental Antithesis of which I then treated, is that which 
is expressed in various ways :—for instance, by speaking of Things and Thoughts; of Sensations 
and Ideas; of Fact and Theory ; of Experience and Necessary Truth; of the Objective and 
Subjective Elements of our Knowledge. I endeavoured to make it apparent that all these are, 
at bottom, the same antithesis, and that this antithesis is an antithesis of inseparable Elements ;—so 
inseparable, that the opposed terms cannot, either of them, be applied absolutely and exclusively in 


any case. 


32. To give value to the exposition of this antithesis, it must be used in the expression of 
philosophical truth. The antithesis may be looked upon in the light of a Definition by which we 
are to enunciate one or more Propositions. In this, as in other cases, the Definition gives meaning 
to the Proposition, the Proposition gives reality to the Definition. The Definition saves the 
Proposition from being vague or ambiguous; the Proposition saves the Definition from being 
arbitrary or empty. 

In the Memoir just referred to, I have already used the fundamental antithesis in stating views 
respecting the reality and the developement of human knowledge. But I would wish to be allowed 
to pursue the subject a step further, and to express in a more general and distinct form than I have 


there done, a general truth in the history of science, which I have there stated in a partial and 
imperfect manner. 


33. The general Truth of which I speak may be thus expressed:—that the Progress of 
Science consists in a perpetual reduction of Facts to Ideas. Portions are perpetually trans- 
ferred from one side to another of the Fundamental Antithesis: namely, from the Objective to 
the Subjective side. The Center or Fulcrum of the Antithesis is shifted by every movement 
which is made in the advance of science, and is shifted so that the ideal side gains something from 


the real side. 


34, I will proceed to illustrate this Proposition a little further. Necessary Truths belong to 
the Subjective, Observed Facts, to the Objective side of our knowledge. Now in the progress of 
that exact speculative knowledge which we call Science, Facts which were at a previous period 
merely Observed Facts, come to be known as Necessary Truths; and the attempts at new advances 
in science generally introduce the representation of known truths of fact, as included in higher and 
wider truths, and therefore, so far, necessary. 

35. We may exemplify this progress in the history of the science of Mechanics. Thus the 


property of the lever, the inverse proportion of the weights and arms, was known as a fact before 
the time of Aristotle, and known as no more; for he gives many fantastical and inapplicable reasons 
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for the fact. But in the writings of Archimedes we find this fact brought within the domain 
of necessary truth. It was there transferred from the empirical to the ideal side of the Fundamental 
Antithesis; and thus a progressive step was made in science. In like manner, it was at first taken 
by Galileo as a mere fact of experience, that in a falling body, the velocity increases in proportion 
to the time ; but his followers have seen in this the necessary effect of the uniform force of gravity. 
In like manner, Kepler’s empirical Laws were shewn by Newton to be necessary results of a central 
force attracting inversely as the square of the distance. And if it be doubtful whether this is 
the necessary law of a central force, as some philosophers have maintained that it is, we cannot 
doubt that if those philosophers could establish their doctrine as certain, they would make an 
important step in science, in addition to those already made. 

And thus, such steps in science are made, whenever empirical facts are discerned to be neces- 
sary laws; or, if I may be allowed to use a briefer expression, whenever facts are idealized. 


36. In order to shew how widely this statement is applicable, I+will exemplify it in some of 
the other sciences. 

In Chemistry, not to speak of earlier steps in the science, which might be presented as instances 
of the same general process, we may remark that the analyses of various compounds into their 
elements, according to the quantity of the elements, form a vast multitude of facts, which were 
previously empirical only, but which are reduced to a law, and therefore to a certain kind of ideal 
necessity, by the discovery of their being compounded according to definite and multiple propor- 
tions. And again, this very law of definite proportions, which may at first be taken as a law given 
by experience only, it has been attempted to make into a necessary truth, by asserting that bodies 
must necessarily consist in atoms, and atoms must necessarily combine in definite small numbers. 
And however doubtful this Atomic Theory may at present be, it will not be questioned that any 
chemical philosopher who could establish it, or any other Theory which would produce an equiva- 
lent change in the aspect of the science, would make a great scientific advance. And thus, in this 
Science also, the Progress of Science consists in the transfer of facts from the empirical to the neces- 
sary side of the antithesis; or, as it was before expressed, in the idealization of facts. 


37. We may illustrate the same process in the Natural History Sciences. The discovery of 
the principle of Morphology in plants, was the reduction of a vast mass of Facts to an Idea; as 
Schiller said to Géthe when he explained the discovery; although the latter, cherishing a horrour 
of the term Idea, which perhaps is quite as common in England as in Germany, was extremely 
vexed at being told that he possessed such furniture in his mind. The applications of this Principle 
to special cases, for instance, to Euphorbia by Brown, to Reseda by Lindley, have been attempts to 
idealize the facts of these special cases. 


38. We may apply the same view to steps in Science which are still under discussion ;—the 
question being, whether an advance has really been made in science or not. For instance, in Astro- 
nomy, the Nebular Hypothesis has been propounded, as an explanation of many of the observed 
phenomena of the Universe. If this Hypothesis could be conceived ever to be established as a true 
Theory, this must be done by its taking into itself, as necessary parts of the whole Idea, many 
Facts which have already been observed ; such as the various form of nebule ; many Facts which 
it must require a long course of years to observe, such as the changes of nebula from one form to 
another ; and many facts which, so far as we can at present judge, are utterly at variance with the 
Idea, such as the motions of satellites, the relations of the elements of planets, the existence of vege- 
table and animal life upon their surfaces. But if all these Facts, when fully studied, should appear 
to be included in the general Idea of Nebular Condensation according to the Laws of Nature, the 
Facts so idealized would undoubtedly constitute a very remarkable advance in science. But then, 
we are to recollect that we are not to suppose that the Facts will agree with the Idea, merely 
because the Idea, considered by itself, and without carefully attending to the Facts, is a large and 
striking Idea. And we are also to recollect that the Facts may be compared with another Idea, no 
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less large and striking; and that if we take into our account, (as, in forming an Idea of the Course 
of the Universe, we must do,) not only vegetable and animal, but also human life, this other Idea 
appears likely to take into it a far larger portion of the known Facts, than the Idea of the Nebular 
Hypothesis. The other Idea which I speak of is the Idea of Man as the principal Object in the 
Creation; to whose sustenance and developement the other parts of the Universe are subservient as 
means to an end; and although, in our attempts to include all known Facts in this Idea, we again 
meet with many difficulties, and find many trains of Facts which have no apparent congruity with 
the Idea; yet we may say that, taking into account the Facts of man’s intellectual and moral con- 
dition, and his history, as well as the mere Facts of the material world, the difficulties and apparent 
incongruities are far less when we attempt to idealize the Facts by reference to this Idea, of Man as 
the End of Creation, than according to the other Idea, of the World as the result of Nebular Con- 
densation, without any conceivable End or Purpose, I am now, of course, merely comparing these 
two views of the Universe, as supposed steps in science, according to the general notion which 1 
have just been endeavouring to explain, that a step in science is some Idealization of Facts. 


39. Perhaps it will be objected, that what I have said of the Idealization of Facts, as the 
manner in which the progress of science goes on, amounts to no more than the usual expres- 
sions, that the progress of science consists in reducing Facts to Theories.. And to this I reply, 
that the advantage at which I aim, by the expression which I have used, is this, to remind 
the reader—that Fact and Theory, in every subject, are not marked by separate and_promi- 
nent features of difference, but only by their present opposition, which is a transient rela- 
tion. They are related to each other no otherwise than as the poles of the fundamental anti- 
thesis; the point which separate those poles shifts with every advance of science; and then, 
what was Theory becomes Fact. As I have already said, elsewhere, a true Theory is a Fact; 
a Fact is a familiar Theory. If we bear this in mind, we express the view on which I am 
now insisting when we say that the progress of science consists in reducing Facts to Theories. 
But I think that speaking of Ideas as opposed to Facts, we express more pointedly the original 
Antithesis, and the subsequent identification of the Facts with the Idea. The expression appears 
to be simple and apt, when we say, for instance, that the Facts of Geography are identified with 
the Idea of the globular Earth; the Facts of Planetary Astronomy with the Idea of the Helio- 
centric system; and ultimately, with the Idea of universal Gravitation, 


40. We may further remark, that though by successive steps in science, successive Facts 
are reduced to Ideas, this process can never be complete. However the point may shift which 
separates the two poles, the two poles will always remain. However far the ideal element may 
extend, there will always be something beyond it. However far the phenomena may be ideal- 
ized, there will always remain a portion which are not idealized, and which are mere pheno- 
mena. This also is implied by making our expressions refer to the fundamental antithesis : 
for because the antithesis is fundamental, its two elements will always be present; the objective 
as well as the subjective. And thus, in the contemplation of the universe, however much 
we understand, there must always be something which we do not understand; however far 
we may trace necessary truths, there must always be things which are to our apprehension 
arbitrary : however far we may extend the sphere of our internal world, in which we feel 
power and see light, it must always be surrounded by our external world, in which we see 
no light, and only feel resistance. Our subjective being is inclosed in an objective shell, which, 
though it seems to yield to our efforts, continues entire and impenetrable beyond our reach, and 
even enlarges in its extent while it appears to give up to us a portion of its substance. 
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ADDITIONAL NOTE TO TWO MEMOIRS «ON THE FUNDAMENTAL 
ANTITHESIS OF PHILOSOPHY.” 


Of certain Modern Systems of Philosophy. 


I am desirous of adding, as a note to this and the preceding Memoir, some very brief remarks 
relative to certain philosophical systems which have been much spoken of in modern times, especially 
those of the celebrated German philosophers, Kant, Fichte, Schelling, and Hegel. 

Every system of philosophy offers to us a special and characteristic mode of criticizing preceding 
systems: and since every new system aspires to be true, it includes that which was true in the 
preceding systems, and is therefore able to point out where the true part of each is. The doctrine 
which I have endeavoured to explain in the two preceding Memoirs is, that there is a Fundamental 
Antithesis of two elements, of which the union is involved in all knowledge, and of which the 
separation is the task of all philosophy. ‘This doctrine naturally directs us to consider how far 
each preceding system of philosophy has performed this task; and the survey of such systems from 
this point of view, may enable us to characterize them by a few sentences, at least so far as they 
regard one leading point of such systems, the account which they give of the nature and foundations 
of human knowledge, 

The doctrine of the Fundamental Antithesis, which I have endeavoured to expound in the 
above Memoirs, and in other places, is briefly this: 


That in every act of knowledge (1) there are two opposite elements which we may call Ideas 
and Perceptions ; but of which the opposition appears in various other antitheses ; as Thoughts 
and Things, Theories and Facts, Necessary Truths and Experiential Truths ; and the like: (2) that 
our knowledge derives from the former of these elements, namely our Ideas, its form and character 
as knowledge, our Ideas of space and time being the necessary forms, for instance, of our geome- 
trical and arithmetical knowledge ; (3) and in like manner, all our other knowledge involving a 
developement of the ideal conditions of knowledge existing in our minds : (4) but that though ideas 
and perceptions are thus separate elements in our philosophy, they cannot, in fact, be distinguished 
and separated, but are different aspects of the same thing ; (5) that the only way in which we can 
approach to truth is by gradually and successively, in one instance after another, advancing from 

‘the perception to the idea; from the fact to the theory; from the apprehension of truths as 
actual to the apprehension of them as necessary. (6) This successive and various progress from 
fact to theory constitutes the history of science; (7) and this progress, though always leading us 
nearer to that central unity of which both the idea and the fact are emanations, can never lead us 
to that point, nor to any measurable proximity to it, or definite comprehension of its place and 
nature. 

Now the doctrine of the Fundamental Antithesis being thus stated, the successive sentences 
of the statement contain the successive steps of German philosophy, as it has appeared in the 
series of great authors whom I have named. 

Ideas, and Perceptions or Sensations, being regarded as the two elements of our knowledge, 
Locke, or at least the successors of Locke, had rejected the former element, Ideas, and professed to 
resolve all our knowledge into Sensation. After this philosophy had prevailed for a time, Kant 
exposed, to the entire conviction of the great body of German speculators, the untenable nature of 
this account of our knowledge. He taught (one of the first sentences of the above statement) that 
(2) Our knowledge derives from our Ideas its form and character as knowledge ; our Ideas of 
space and time being, for instance, the necessary forms of our geometrical and arithmetical 
knowledge. Fichte carried still further this view of our knowledge, as derived from our Ideas, or 
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from its nature as knowledge; and held that (3) all owr knowledge is a developement of the ideal 
conditions of knowledge existing in our minds, (one of our next following sentences). But when 
the ideal element of our knowledge was thus exclusively dwelt upon, it was soon seen that this ideal 
system no more gave a complete explanation of the real nature of knowledge, than the old sensa- 
tional doctrine had done. Both elements, Ideas and Sensations, must be taken into account. And 
this was attempted by Schelling, who, in his earlier works, taught (as we have also stated above) that 
(4) Ideas and Facts are different aspects of the same thing :—this thing, the original basis of truth 
in which both elements are involved and identified, being, in Schelling’s language, the Absolute, 
while each of the separate elements is subjected to conditions arising from their union. But this 
Absolute, being a point inaccessible to us, and inconceivable by us, as our philosophy teaches 
(as above), cannot to any purpose be made the basis of our philosophy: and accordingly this 
Philosophy of the Absolute has not been more permanent than its predecessors. Yet the philosophy 
of Hegel, which still has a wide and powerful sway in Germany, is, in the main, a developement 
of the same principle as that of Schelling ;—the identity of the idea and the fact; and Hegel’s 
Identity System, is rather a more methodical and technical exposition of Schelling’s Philosophy 
of the Absolute than a new system. But Hegel traces the manifestation of the identity of the idea 
and fact in the progress of human knowledge ; and thus in some measure approaches to our doctrine 
(above stated), that (5) the way in which we approach to truth is by gradually and successively, 
in one instance after another, that is, historically, advancing from the perception to the idea, from 
the fact to the theory: while at the same time Hegel has not carried out this view in any compre- 
hensive or complete manner, so as to show that (6) this process constitutes the history of science : 
and alike with Schelling, his system shews an entire want of the conviction (above expressed as part 
of our doctrine), (7) that we can never, in our speculations reach or approach to the central unity 
of which both idea and fact are emanations. 


This view of the relation of the Sensational School, Kant, Fichte, Schelling, and Hegel, and of 
the fundamental defects of all, may be further illustrated. It will, of course, be understood that 
our illustration is given only as a slight and imperfect sketch of their philosophies; but their 
relation may perhaps become more apparent by the very brevity with which it is stated ; and the 
object of the present note is not detailed criticism, but this very relation of systems to each other. 


The actual and the ideal, the external and the internal elements of knowledge, were called by 
the Germans the objective and the swhjective elements respectively. The forms of knowledge and 
especially space and time, were pronounced by Kant to be essentially sabjective ; and this view of 
the nature of knowledge more fully unfolded and extended to all knowledge, became the subjective 
ideality of Fichte. But the subjective and the objective are, as we have said, in their ultimate and 
supreme form, one; and hence we are told of the subjective-objective, a phrase which has also 
been employed by Mr. Coleridge. Fichte had spoken of the subjective element as the Me, (das 
Ich) ; and of the objective element as the Not-me, (das Nicht-Ich) ; and has deduced the Not-me 
from the Me. Schelling, on the contrary, laboured with great subtlety to deduce the Me from the 
Absolute which includes both. And this Absolute, or Subjective-objective, is spoken of by Schelling as 
unfolding itself into endless other antitheses. It was held that from the assumption of such a prin- 
ciple might be deduced and explained the oppositions which, in the contemplation of nature, present 
themselves at every step, as leading points of general philosophy :—for example, the opposition of 
matter as passive and active, as dead and organized, as unconscious or conscious ; the opposition of 
individual and species, of will and moral rule. And this antithetical developement was carried 
further by Hegel, who taught that the absolute idea developes itself so as to assume qualities, 
limitations, and seeming oppositions, and thus completes the cycle of its developement by returning 
into unity. 

That there is, in the history of Science, much which easily lends itself to such a formula, the views 
which I have endeavoured to expound, show and exemplify in detail. But yet the attempts to carry 
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this view into detail by conjecture, by a sort of divination, with little or no attention to the histori- 
cal progress and actual condition of knowledge, (and such are those which have been made by the 
philosophers whom I have mentioned,) have led to arbitrary and baseless views of almost every 
branch of knowledge. Such oppositions and differences as are found to exist in nature, are assumed 
as the representatives of the elements of necessary antitheses, in a manner in which scientific truth 
and inductive reasoning are altogether slighted. Thus, this peculiar and necessary antithetical 
character is assumed to be displayed in attraction and repulsion, in centripetal and centrifugal forces, 
in a supposed positive and negative electricity, in a supposed positive and negative magnetism; in 
still more doubtful positive and negative elements ‘of light and heat; in the different elements of the 
atmosphere which are, quite groundlessly, assumed to have a peculiar antithetical character: in 
animal and vegetable life: in the two sexes: in gravity and light. These and many others, are 
given by Schelling, as instances of the radical opposition of forces and elements which necessarily 
pervades all nature. I conceive that the heterogeneous and erroneous principles involved in these 
views of the material world show us how unsafe and misleading is the philosophical assumption on 
which they rest. And the triads of Hegel, consisting of thesis, antithesis, and union, are still more 
at variance with all sound science. Thus we are told that matter and motion are determined as 
inertia, impulsion, fall; that absolute Mechanics determines itself as centripetal force, centrifugal 
force, universal gravitation. Light, it is taught, is a secondary determination of matter. Light 
is the most intimate element of nature, and might be called the Me of nature: it is limited by what 
we may call negative light, which is darkness. i 

In these rash and blind attempts to construct physical science a priori, we may see how imper- 
fect the Hegelian doctrines are, as a complete philosophy. In the views of moral and political sub- 
jects the results of such a scheme are naturally less obviously absurd, and may often be for a 
moment striking and attractive, as is usually the case with attempts to reduce history to a formula. 
Thus we are told that the State appears under the following determinations :—first, as one, sub- 
stantial, self-included: next, varied, individual, active, disengaging itself from the substantial and 
motionless unity: next, as two principles, altogether distinct, and placed front to front in a marked 
and active opposition: then, arising out of the ruins of the preceding, the idea appears afresh, one, 
identical, harmonious. And the East, Greece, Rome, Germany, are declared to be the historical 
forms of these successive determinations. Whatever amount of real historical colour there may be 
for this representation, it will hardly, I think, be accepted as evidence of a profound political philo- 
sophy ; but on such parts of the subject I shall not here dwell. 

I may observe that in the series of philosophical systems now described, the two elements of the 
‘Fundamental Antithesis are, alternately dwelt upon in an exaggerated degree, and then confounded. 
The Sensational School could see in human knowledge nothing but facts: Kant and Fichte fixed 
their attention almost entirely upon ideas: Schelling and Hegel assume the identity of the two, 
(a point which we never can reach,) as the origin of their philosophy. The external world in 
Locke’s school was all in all. In the speculations of Kant this external world became a dim and 
unknown region. Things were acknowledged to be something in themselves, but what, the philoso- 
pher could not tell. Besides the phenomenon which we see, Kant acknowledged a nowmenon 
which we think of; but this assumption, for such it is, exercises no influence upon his philosophy. 
Things in themselves, are in his Drama, merely a kind of mute personages, Koga Tpocwra, which 
stand on the stage to be pointed at and talked about, but which do not tell us anything, or enter 
into the action of the piece. Fichte carries this further, and if we go on with the same illustration, 
we may say that he makes the whole drama into a kind of monologue; in which the author tells the 
story, and merely names the persons who appear. If we would still carry on the image, we may say 
that Schelling, going upon the principle that the whole of the drama is merely a progress to the 
denoument, which denoument contains the result of all the preceding scenes and events, starts 
with the last scene of the piece, and bringing all the characters on the stage in their final attitudes, 
would elicit the story from this. While the true mode of proceeding is, to follow the drama 
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scene by scene, learning as much as we can of the action and the characters, but knowing that we shall 
not be allowed to see the denoument, and that to do so is probably not the lot of our species on earth. 
So far as any philosopher has thus followed the historical progress of the grand spectacle offered to 
the eyes of speculative man, in which the Phenomena of Nature are the Scenes, and the Theory of 
them the Plot, he has taken the course by which knowledge really has made its advances. But 
those who have partially done this, have often, like Hegel, assumed that they had divined the 
whole course and end of the story, and have thus criticized the scenes and the characters in a spirit 
quite at variance with that by which any real insight into the import of the representation can be 
obtained*. 

I will only offer one more illustration of the relative position of these successive philosophies, 
Kant compares the change which he introduced into philosophy to the change which Copernicus 
introduced into astronomical theory. When Copernicus found that nothing could be made of 
the phenomena of the heavens so long as everything was made to turn about the spectator, he 
tried whether the matter might not be better explained if he made the spectator turn, and 
left the stars at rest. So Kant conceives that our experience is regulated by our own faculties, 
as the phenomena of the heavens are regulated by our own motions. But accepting and 
carrying out this illustration, we may say that Kant, in explaining the phenomena of the 
heavens by means of the motions of the earth, has almost forgotten that the planets have 
their own proper motions, and has given us a system which hardly explains anything besides 
broadest appearances, such as the annual and daily motions of the sun; and that Fichte 
appears as if he wished to deduce all the motions of the planets, as well as of the sun, 
from the conditions of the spectator;—while Schelling goes to the origin of the system like 
Descartes, and is not content to shew how the bodies move, without also proving, that from 
some assumed original condition, also the movements and relations of the system must neces- 
sarily be what they are. It may be that a theory which explains how the planets with 
their orbits and accompaniments haye come into being may offer itself to bold speculators, 
like those who have framed and produced the nebular hypothesis. But I need not here re- 
mind my hearers either how precarious such a hypothesis is, or that if it be capable of being 
considered probable, its proofs must gradually dawn upon us, step by step, age after age: 
and that a system of doctrine which requires such a scheme as a certain and fundamental 
truth, and deduces the whole of astronomy from it, must needs be arbitrary, and liable 
to the gravest error at every step. Such a precarious and premature philosophy, at best, is 
that of Schelling and Hegel; especially as applied to those sciences in which, by the past pro- 
gress of all sure knowledge, we are taught what the real cause and progress of knowledge 
is: while at the same time we may allow that all these forms of philosophy, since they do 
recognize the condition and motion of the spectator, as a necessary element in the explanation 
of the phenomena, are a large advance upon the Ptolemaic scheme, the view of those who 
appeal to phenomena as the source of our knowledge, and say that the sun, the moon, and 
the planets move as we see them move, and that all further theory is imaginary and fan- 


tastical. 


W. WHEWELL, 


* If it be asked which position we can assign, in this dramatic | say that they look on with a belief that the drama has no plot, and 
illustration, to those who hold that all our knowledgeis derived | that these scenes are improvised without connexion or purpose. 
from facts only, and who reject the supposition of ideas ; we may | 


XLV. Observations of the Aurora Borealis of November 17, 1848, made at the 
Cambridge Observatory. By the Rev. J. Cuaruts, M.A., F.RS., F.R.AS.. 
Plumian Professor of Astronomy and Experimental Philosophy in the University of 
Cambridge. 


[Read November 27, 1848.] 


Tue observations I am about to lay before the Society, relate principally to the position of 
the Corona in the splendid display of Aurora Borealis which occurred on the night of Nov. 17. 
During thirteen years that I have resided at the Cambridge Observatory, there certainly has not 
been so favourable an opportunity of observing the position of this critical point of the pheno- 
menon as on the recent occasion: and as the observations I took have enabled me to make a 
comparison of the position of the Corona with the Magnetic Declination and Dip at the place of 
observation more accurately than in any former instance that I am acquainted with, I have thought 
them worthy, with their results, of being formally submitted to the notice of the Society. 


The observations were made partly by estimation of the position of the Corona with reference 
to neighbouring stars, and partly by means of a small altitude and azimuth instrument, which was 
constructed by Mr. Simms (Fleet Street, London), according to my directions, expressly for taking 
observations of this kind. TI call the instruinent a Mefeoroscope. It has a graduated azimuth 
circle of four inches radius, and a portion of an altitude circle of the same radius graduated from 
0° to 120°. An arm somewhat longer than the radius of the altitude circle, and turning about a 
horizontal axis passing through the centre of the graduation of that circle, carries a bar eighteen 
inches long, by means of which the observations are taken. To that extremity of the bar which 
is turned towards the object observed, a rectangular piece is attached having one side horizontal, 
and consequently the other movable in a vertical plane. The other end carries a plate in which 
is made an eye-let hole one-sixth of an inch in diameter. An altitude is taken by observing through 
the eye-let hole the coincidence of the object with the horizontal side of the rectangular piece, and 
an azimuth by observing its coincidence with the vertical side. Both are taken simultaneously by 
observing the coincidence with the angular point. The bar is set obliquely on the arm which 
carries it, for the purpose of observing altitudes a few degrees beyond the zenith, for which purpose 
also the graduation of the altitude circle extends beyond 90°. When the object is near the zenith, 
for convenience it is looked at through another eye-let hole made in a small plate standing at right- 
angles to the larger plate, the object being seen by reflexion at a small mirror, the plane of which 
is inclined at an angle of 45° to the direction of the bar. In this case the other angular point of 
the rectangular piece is brought into coincidence with the object, care having been taken by the 
maker of the instrument that the direction of collimation should in the two cases be the same. The 
bar and altitude circle may be readily turned together about the vertical axis, and the bar separately 
about its horizontal axis of motion, and both may be quickly clamped as soon as the observation is 
taken. The graduations are read off by verniers to single minutes. The instrument has a tripod 
stand, furnished with adjusting screws for the purpose of placing the axis of motion vertical by 
means of a small spirit-level, which is carried round with the vertical circle. The feet of the 
screws rest in three angular grooves formed each by two plane faces, by applying the feet to which, 
the instrument is instantly in position, the vertical adjustment of the axis having been previously 
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made. It is proper on each occasion of using it to determine the index errors by observations 
of stars. 


I proceed now to give the observations just as they were set down in the memorandum-book, 
inclusive of those for index errors, premising only that the instrumental azimuths are reckoned 
from East towards South, and that the noted times were taken from a solar chronometer, which by 
a comparison with the transit clock immediately after the observations was found to be 1™. 52°. 
fast on Greenwich Mean Time. 


GD) Sees. 8".49™. 0° Corona 1° South and 3° Kast of 8 Andromede. 
(Oyen Se Olle Oyocscames IPO (Sonthands 20 aso. -< Jostens Oa anes 

(@eeaobs 855.10 ccaenens 1) (SOuUthy amd 205 Pier ccs sce alesse. 
(Cesaaac id e!On craeebew 210" Southand) 1a oi -wsbiies ahcepiesieecache. 

(GY scene Oe 425i semcscess 3° South and ge sors eplaiars eins, cise Obiceiaw = Us 
(6)......9. 9. 0 Altitude of Corona by Metorecone 68°. 11’ Reicath 43°, 44° 
(p)sc6cee Qi LO i23 aesassisieels $B Andromedez............ TUB pall 5 ease orNentcter 59. 58 
(8) eeitens Va NGia Iii weananeontene Corona seciegeisein wes Olt Mim asictsnisiaste iS OO) 
(9)... Ole Occ 2 Onewet ace stete's ou COLON A) sam waar ep vance Til «Alor taraiieriass 42 . 28 
(LO) eecre sO ore) costincse es 13, ANGLOMEE 2 cinco eee 20 Merona ne Til LO 


Ce ie Icke 0 Corona 1° South, and 3° East of B Trianguli. 
(12)......9.35.15 Altitude of Corona by Meteoroscope 69.20 Azimuth 37. 24 


ett One seleteieveterstoiclals Corona Sayeisiayeisiateets) KOShn Oma -Geraeteios 41.21 
(TA ecsec Qh 4 O40) vier acer ocieisre B Andromede ...........- (il fog? Olas oereyeee 84. 47 
(15)......9. 56. 0 Corona 2° South, and 1£° East of 8 Trianguli 
(16)......10. GO: Meo: 9° Sea ESN SNC AR IE Co! Beg le 
(7) eoetees 10.10.11 Altitude of Corona by Meteoroscope 69.28 Azimuth 42 . 12 
(8) eee NO) -pI4iS SO! rceee cee as (3, Exiangulinssectcen ae ia Dike tsiciels 65. 30 
(GID) oohsHe MOE ZOMSO wrncettesiee cee pn COLON Ae me mtariecciiststesi GOR SO eects ects Sivan 
(EX) oscaco LOWS Do. csscssenise Corona Fe eacescecces 10.4.28) feiestcesciteie, AOry 10 
(Ieee ty. G20) ake Se Corona Borin seBelrer ia TlcernO dase arereratetels 62. 35 
OE pesboetbibe MOI) ease seabsen Corona © Pocccccssecc OD) a Bim panden bec 55 . 30 
(23) ences Wi SIO a0) Mad BasGaS Woronal  cescieqresarses {Ueise YESaee5 do- 52ye A 
(Gayest 11h, D410) Seeceacscse< (Corona sSyseecceici we OQis OO mis satccemenpe a lgeun © 
(25) ieee. 11.16. 0 The star ¢ Persei appears in the middle of the Corona. 
(26) ccaes. 11.17.30- Altitude of Corona by Meteoroscope 67.30 Azimuth 49 . 40 
SHonascon MG IEORSEN  cegsescaslosdcnieds 69.10 ....e000. 46.14 
27) --2-22 1825 2 | The Corona seemed coincident with ¢ Persei 


(28)......11.26. 0 Altitude of Corona by Meteoroscope 70.10 Azimuth 43. 6 


Of the above observations Nos. (19) and (21) were marked ‘doubtful. Nos. (23) and (26) 


were reckoned good. 


The position of the Corona was calculated from these observations in the following manner. 
When the observation was made by reference to a star, from the noted time corrected for error of 
the chronometer, and the known longitude of the place of observation (viz. 23°,5 East), the sidereal 
time was calculated in the usual way, and then from the known Right Ascension of the Star, the 
hour angle (h) Eastward was deduced. The co-latitude of the Observatory (viz. 37°. 47’) being 
represented by A, and 6 being the North Polar distance of the Star, its distance (m) from the 
meridian, and its distance (x) from the astronomical zenith, were calculated by the following 
formule : 


sin m = sin 6 sin h, tan = tan dcosh, cos ¥ = cos (fp —X) cos m. 


Let « and ¢ represent the estimated distances of the Corona from the star Eastward and South- 
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ward. Since these were made in the directions of the arcs m and x, the distance (M) of the 
Corona from the meridian is m + p, and its distance (Z) from the zenith is = + ¢. 
When the Meteoroscope was used, the recorded altitude A, and azimuth B from East 


towards South, were first corrected for index error by a and {3 respectively, and Z and M were 
then obtained by the formule, 


Z=90°-(A +a), sin M = cos (B + £) sin Z. 
The index corrections were deduced from Nos. (7), (10), (14), (18), and (27). The calculated 


altitudes and azimuths of the stars, compared with the instrumental readings, gave the following 
values of a and £. 


No (a) (B) 
(7) ee EO SE 27° 8 
(10) Wo .tree cde ectel — SS eee Sa aE ny 
(Gk) eee eee Sr Siy et een + 28 .29 
(8) PORT EOS ae Ss S28s +25. 6 
DM) Masecess Sees eNOS NPE ee SS + 22.48 
Mean — 16 + 25.18 


Respecting these values it is to be remarked, that the discordances between them are much 
greater than might have been expected. From subsequent trials of the Meteoroscope I have 
found that, without taking particular care in making the observation, the error in an arc of a 
great circle may amount to 12’. Whether the discordances above arose from unsteadiness in the 
support, the observations being made on the roof of a small out-building, on which several persons 
were standing; or from incautiously bending the collimating bar in the act of observing; or, in 
short, from inexperience in the use of the instrument, this being the first occasion of my using it 
in a series of observations, I am unable to say. On replacing the instrument (Noy. 24), I ob- 
tained from much more consistent values, the mean results — 51’ and + 23°. 34. I have, how- 
ever, considered it best to adopt the first determinations. 


I have now to explain in what manner the point of the heavens to which the South end of the 
Dipping Needle was directed, which for the sake of brevity I call the Magnetic Zenith, was ascer- 
tained. As we have no Magnetic Observatory here, this was done inferentially. I have assumed 
that for any place in England, Scotland, and Ireland, the Westerly Declination of the needle (V) and 
the Dip (D) may be given approximately by the formule, 

V=V,+ arc + bl 
D=D,+ ar + Ob, 


V, and D, being the Declination and Dip at the Greenwich Observatory, » the Longitude of the place 
Westward of Greenwich, J the excess of its Latitude above that of Greenwich, and a, }, a’, b’ certain 
constants, which may be calculated by knowing the simultaneous values of V and D at Greenwich 
and two other positions. From the published results of magnetic observations made in the year 1843 
at Greenwich, and at the Observatory of Sir Thomas M. Brisbane (Makerstoun) ; and from a com- 
munication, kindly made to me by Professor Lloyd, of the mean Declination at Dublin for the same 
year as determined by 3600 observations, (viz. 27°. 9’, 87,) and the Dip at Dublin as determined by 
an elaborate series of observations in September of 1843, (viz. 70°. 41',3), I have deduced very accu- 
rate contemporaneous values of V and D, which with the Latitudes and Longitudes of the three 
positions are here subjoined. 


Lat. Long. West. Declination. Dip. 
Greenwich ...... Bo. O80.6)¢ oc 10 030) S. al2S 5 bn sOmes 600. 159 
Makerstoun! 832.0605. $4.7 <.. 10). 3:5) <2. $25).0922-85) =. 71 - 25,0 
Dubliny Vorceens 58s 21-0) ose oO ae BO OS ces 10) 4S 


From these data, were derived the following formule, which probably may be applied at the present 
time and for several years to come, with considerable accuracy to any place in the United Kingdom: 
412 
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V — V, = 0,142518 + 0,1595481 
D — Dy = 0,027713d + 0,5135231. 


These formule give V-V, and D-D, in minutes, \ being expressed in seconds of time, and 1 
in minutes. 


For the Cambridge Observatory, V — V, = + 3',7,and D — Dy = + 22’,0. 


In order to make the proposed comparison of the position of the Corona with the Magnetic Zenith, 
it is now only necessary to obtain the Magnetic Declination and Dip at the respective times of obser- 
vation. These I have derived from observations made at the Greenwich Observatory during the 
prevalence of the Aurora, which, on my preferring a request, were promptly forwarded to me with 
all the requisite data, by James Glaisher, Esq., who is at the head of the Magnetical Department in 
that Institution, and which the Astronomer Royal has allowed me to publish with this communica- 
tion. For this favour I beg here to express my thanks. The observations are given at length in 
Tables I, II, and ITI, at the end of this Paper, as well because they are used in the calculations, as 
because they present so striking an instance of great magnetic disturbances occurring simultaneously 
with an extraordinary display of the Aurora Borealis, that the connexion in some way of the two 
kinds of phenomena must be regarded as a physical fact. 


The Westerly Declinations at Cambridge at the times of observation were inferred from those at 
Greenwich at the same times by merely applying the value of V—V, already obtained, viz. + 3’,7. 
The latter were deduced from the declinations recorded in Table I. by simple interpolation, it being 
understood that the motion of the magnet was uniform in the intervals between the times there given. 
The Greenwich observations were made by the admirable photographic process, which has been 
brought to so great perfection by C. Brooke, Esq., of St. John’s College in this University. Between 
9". 25" and 9". 44™, the disturbance was so great that the magnet passed the limits of the photo- 
graphic paper. ‘The same thing took place in the contrary direction between 10". 10™ and 10°. 40™. 
As Mr, Glaisher states that the motions at these times were smooth and without checks, I have 
ventured to deduce the maximum elongation between 9h, 25" and 9". 44" on the supposition that the 
magnet continued to move after 9. 25" in the same manner as from 9". 20™ to 9", 25™, till it attained 
the maximum, and then that it immediately returned by the same motion that it had from 9". 44™ to 
10", 10. The maximum elongation between 10°. 10™ and 10". 40™ was inferred on the same principle. 


Mr. Glaisher furnished me with the following values of the Dip at Greenwich : 


Dip. 
1S48y Novos sone 68°. 54’,0 
11 alla tou iseetcss 68 . 56,3 
FOS) 210 AE PENG eist5S.7 
BS OU tga a LV G 68 . 55,5 


Hence it is inferred that the Dip, if undisturbed, would have been 68°. 55’,0 during the Aurora. 
The disturbed Dip was calculated in the manner I am about to explain. In the Greenwich obser- 
vations (Tables II. and III.), the readings for the horizontal force variations are given in terms of the 
whole horizontal force; but the vertical force readings are given in divisions of the scale, which 
require to be converted into parts of the whole vertical force. The factor for this purpose is 0,00067, 
which is the value of one division. 

The scale reading of the vertical force magnet at Nov. 17, 0", was 21°%%,7, and at Nov. 18, 
o", 21%%,5, at which times there appears to have been no disturbance. The undisturbed read- 
ing is consequently assumed to be 21°",6. 

The reading of the horizontal force magnet in parts of the whole horizontal force, was 0,1099 
at November 17, 0", and 0,1074, at November 18, 0", the latter of which Mr. Glaisher states to be 
somewhat below the average value for the season and time of day. The undisturbed reading 
during the Aurora is assumed to be the mean between those two readings, viz. 0,1086. 


AURORA BOREALIS OF NOVEMBER 17, 1848. 625 


The variation of horizontal force was not registered from 10" .2™ to 12", the disturbance carry- 
ing the magnet out of the limits of the photographic paper. From 12" the observations were made 
independently of the self-registering process. I have assumed that from 10".2™ to 12° the dis- 
turbance followed the same law as from 12". 39™ to 14°.5™, when the phenomenon reappeared in 
a similar phase, and accordingly have taken 0,0890 to be the mean horizontal force reading in the 
former interval. 

Let now X and FY be the undisturbed horizontal and vertical forces respectively, X’, Y’ their 
disturbed values at any given time, and a, y, the horizontal and vertical force readings at that time, 
deduced by interpolation from Tables IT. and III, the former divided by 10,000. Then 


X'= X- (0,1086 — a) X, Y'= Y - (21,6 - y) 0,00067 Y. 


: 1g nie : 
Hence since ro tan of the actual Dip, and = tan 68°, 55’, it is readily shewn that 


the actual Dip = 70°. 43°,6 — [3,06215] + [9,88822] y, 


the numbers in brackets being the Logs of the coefficients of # and y. The Dip at Cambridge is 
assumed to be the value given by this formula, increased by D—D,, or + 22',0. 


From the Declination (V) and Dip (D), the distance Z’ of the Magnetic Zenith from the 
Astronomical Zenith, and its distance M’ from the meridian are given by the expressions, 


Z’=90°— D, — sin M’= sin V cos D. 


The following are the results of the calculations which have been now explained. 


a 
i ist. of Bie 
Heine Fey Die | ee biet zom | RignekOaee, Me tee MM) BS 
SN fase 18°. 59° 20°. 35’ iT SO Goes 7°48) — 1°. 457 8 
49,1 19. 10 20. 39 —1.29 5. 36 7.48 —2.12 s 
53,1 18 . 44 20 . 38 —1.54 4.47 7.46 —2.59 s 
8 . 59,8 20. 3 20 . 37 — 0. 34 3. 55 7.50 —3.55 s 
9. 2,6 20 . 30 20 . 36 —0. 6 4. 6 (here —3.45 s 
Te 29 m5 20 . 38 +1.27 7. 44 7.49 —-0. 5 m 
11,4 23.12 20 . 36 + 2.36 10.13 7.36 +2.37 m 
17,5 18 . 29 20. 42 —2.13 6. 53 7.44 —0.51 m 
30,1 20 . 27 20 . 26 Oeil gi. 8 8 . 23 +0.45 s 
33,4 20 . 56 20 . 26 +0.30 9 . 26 8.19 Silico h7 m 
42,3 21 . 21 20 . 32 +0. 49 VEU Sie +0. 9 m 
9 . 54,1 20 . 14 20 . 42 — 0.28 5.10 7.55 —2.45 s 
10. 4,1 20. 0 20 . 34 — 0. 34 4. 36 7.38 -3. 2 s 
8,3 20. 48 20 . 28 +0.20 7.49 7. 30 +0.19 m 
18,6 20 . 46 20 . 30 +0.16 4. 52 A — 2.30 m 
10 , 21,2 19. 48 20. 31 — 0.48 5.08 7 = 20 +0.48 m 
11. 4,6 (19. 16 20 . 23 = sl < U7, 0. 42 So — 6.53) m 
9,1 Se 20 . 24 + 0.47 3.19 7. 36 —4.17 m 
11,0 19. 21 20 . 24 = Teun 4. 9 7 1387 — 3.28 m 
12,3 20 . 26 20 . 24 +0. 2 6. 4 737 =}. $3 m 
14,1 Ly 20 . 24 +1.48 8 . 52 7 37 1.15 s 
15,6 22 . 46 20 . 23 + 2.23 5. 46 (Pnrey | =1.51 m 
ae a4 20 . 24 fea) STG) 7.35 7. 39 -0. 4 ‘| 
e ile BH 20 . 24 +0.42 6 . 33 7.39 —1. 6 m 
11 . 24,1 20. 6 20 . 24. —0.18 Fhe 7. 40 —0. 24 m 
Means 20. 35,8 20. 30,9 +0.4,9 6 . 30,8 7. 44,6 =1-13;8 
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The mode of observing by reference to a star is indicated by the letter s, and that by the Meteor- 
oscope by the letter m. In taking the means, the observation at 11". 4™,6 is excluded, the Corona 
at that time being seen very obscurely after an interval of total disappearance. The great westerly 
deviation given by that observation is, however, supported by the two that follow. 


The observations by stars taken separately, give —0°. 21,8 for the value of Z—Z’, and —1° . 50',7 


for that of M—M’. The observations by the Meteoroscope give + 23,9 for the former, and 
— 0°. 47',5 for the latter. 


The discordances in the positions of the Corona deduced from observation, are no doubt partly 
owing to errors of estimation, or instrumental errors, and partly to the extreme difficulty of fixing 
with precision on the centre of convergence of the Auroral streamers. But if these were the only 
sources of discordance the distances from the zenith and from the meridian would be equally affected, 
whereas the latter appear to be the more discordant. The fact seems to be, that the centre of the 
Corona is continually shifting its position. This may be owing to several causes. The formation 
of the Corona is merely an effect of perspective, the apparent convergence of the streamers being due 
to the immense height to which they rise. If the streamers were all parallel to a fixed straight line, 
they would apparently converge to a fixed point. But the foregoing discussion, and facts that will 
be hereafter mentioned, shew that they take, at least very approximately, the direction of the dipping 
needle at the locality from which they ascend. Consequently the point of convergence will be 
different for streamers rising from different quarters. Again, the directions of the streamers may 
vary by the same causes which produce the disturbances of the position of the dipping needle: and 
this change of direction would of course alter the position of the Corona. Lastly, the course of the 
streamers may not be rectilinear. The foregoing comparison appears to prove that the Corona is 
decidedly more Westward than the Magnetic Zenith, being less distant from the meridian than the 
latter by 19.14. This is accounted for by saying that the streamers on rising from the Earth are 
bent in a westerly direction. The apparent point of convergence would thus depend on the height 
to which they rise, and would be continually varying. It is quite possible that streamers rising from 
different quarters and to different heights, might apparently cross each other, and so form a fictitious 
point of convergence. This explanation will, I think, sufficiently account for the discordances 
observable in the foregoing results, and will serve also to shew why they exhibit no decided agree- 
ment between the changes of position of the Corona and the changes of position of the Magnetic 
Zenith. Such agreement may very well be veiled by the causes just mentioned. It seems to me, 
however, that a general accordance of this nature is perceptible. As when the needle was most dis- 
turbed, a large Easterly deviation of the South End was succeeded by a large Westerly deviation, 
so a large deviation of the Corona to the East of its mean position was succeeded by a large Westerly 


deviation: and as the changes of M’ are more marked than those of Z’, so the changes of M are 
greater those of Z. 


For the purpose of farther illustrating the subject, I propose to add a discussion of a few 
observations of the position of the Corona, made in the instance before us, and in one or two 


others, in different parts of England. I have selected those of which the data seemed to be most 
precise. 


Mr. Boreham of Haverhill informed me by letter that he found the Right Ascension of the 
Corona of the Aurora Borealis of Nov. 17, to be 1°. 58™. 3°; and its declination + 31°. 18’, at 9°. 15™ 
Greenwich mean time, the latitude of the place of observation being 52”. 5’, and the longitude 
1, 46°. East. Hence I find by calculating as already described, 

Z Z p= Th M mM’ M-M 
BOO 7560) | 2095.45 me epi Occel le maalitie 0S Hkh SEIS Cy 


The differences in this instance are large, but not very different from those resulting from the 
observation made at Cambridge at 9". 11™, 4. 
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An anonymous observer at Darlington, states in the Durham Advertiser of Nov. 24, 1848, that 
at Nov. 17, 11". 27™, which I suppose to be Darlington time, € Persei was exactly in the centre of 
the Corona. The latitude of Darlington is 54°. 32’, and the longitude 6™. 12°. West. Hence I have 
deduced, 

i; Wh aI M mM M-M™’ 
CA ak ala cs et gee" Nata a Gale Smee ae” 

From observations of the Aurora of November 17, made at Lansdowne Crescent, Bath, by 
H. Lawson, Esq., and E. J. Lowe, Esq. ; (1) “ At 10". 20". (Bath time), the Corona was situated at 
21 Persei.” (2) At 11". 20™. the centre of the Cupola was ¢ Persei.” The assumed latitude of 
Bath is 51°. 22’, and the assumed longitude 9™. 28°. West; and the results of calculation are 


Z Zz’ Z-Z M M’ M—- M 
(1) QU ELON ZO SOM AO? EAN SSB! NS tay econ wan’ 
(2) 20 . 82 20), 32 +0.0 5. 41 8.9 —2. 28 
Means 20.56 20.34 +0.22 7.5 7.58 —-0.53 


A remarkable Aurora occurred on Oct. 18, 1848, which was not seen at Cambridge, on account 
of clouds. A description of it was sent to me by J. F. Miller, Esq., of Whitehaven. The most 
precise observations of the position of the Corona contained in the account are the following :— 


(1). ‘¢10". 7". G. M. T., the centre of the Corona is about 5° above a Andromede, and nearly 
in a line with y Pegasi.” It had consequently nearly the same Right Ascension as a Andromede. 

(2). 10". 24", G.M.T. The whole hemisphere is covered with streamers converging around 
a Andromede.” 

(3). 10". 52".G.M.T. (or » Andromede, appears to be the centre of convergence.” I 
have taken the mean position between the two stars. 

(4). ‘112. 17™.G.M.7T. I have watched the Corona very attentively some time, and I 
think 8 Andromedz as nearly as possible marks its centre.” 

(5). 11". 37". G.M.T. The coronal centre seems now to be about mid-way between + 
Andromedex, and 8 Trianguli.” 

I have compared these observations with the mean Magnetic Declination and Dip, deduced 
from those of Greenwich, which for Oct. 18, are assumed to be 22”. 53’, and 68°. 55’. The latitude 
of Whitehaven is 54’. 33’, and the longitude 14". 12°. West. The following are the results of the 
calculations. 


Z Zz! Z-Z' M M M— ™’ 
(0) ) ferra0" 1007 "seh es 39.42" ea ae BF 
QQ) wee2 te 19 S| UC Se BA 880 
(3) 18 . 53 LQ —0O.14 aie wa 8.4 —2.39 
(4) 19. 47 19.7 +0.40 1.42 8.4 -—6.22 
(5) 18.16 QO yee -—0.51 8 . 46 8.4 +0. 42 
Means 20.8 eS 7 Se Bl Se 8.4 — 2. 56 


In the instance of the Aurora Borealis of Oct. 24, 1847, I observed that at 10". 10™., Cambridge 
Mean Time, the centre of the Corona was at a point of less R, A. than 8 Andromedz by 10™, and 
of greater N, P. D, by 2°. I am able to compare this observation with the actual Declination and 
Dip at the noted time, by means of Greenwich Magnetical Observations inserted in the published 
account of this Aurora drawn up by Mr, Morgan and Mr. Barber, From these data I find that 
the Declination at Cambridge was 23°, 5’, and the Dip 69°. 24. Hence the result of the com- 


parison is, 
Z zZ' Z-—Z' M M M—M 
20°. 36’ aL 0°” 26" 6°, a4! 70 56" = 1c) 32’ 


On this occasion the Auroral light descended but a few degrees southward of the Corona, and the 
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streamers forming the Corona did not meet in a point, but left a circular dark space, which seemed 
to be constant in its position, and the centre of which it was easy to fix upon. On this account I 
consider the above results, though derived from a single observation, to be worthy of confidence. 


From a consideration of all the results derived from the foregoing discussion of observations made 
on different occasions and at different places, the following conclusions seem to be established :— 


First, that the Corona of an Aurora Borealis is formed near the Magnetic Zenith of the place of 
observation. 


Secondly, that the observations, while they indicate no decided difference of altitude between the 
two points, shew with great probability that the Corona is situated between 1° and 2° more to the 
West than the Magnetic Zenith, 

The Aurora Borealis which gave rise to the present communication, was more remarkable in its 
features and more extensively seen than any that have occurred for a long period, having been 
visible, as appears by authentic accounts, in France, Italy, Spain, Portugal, and the Azores. I have 
therefore thought it would not be out of place to add here a description of it which I derived from 
memoranda made very soon after its occurrence, and which was communicated to the Cambridge 
Chronicle of Nov. 25, 1848. 

‘ Shortly after eight o’clock on the evening of Friday, Nov. 17, my attention was called to an 
unusual appearance of light stretching from N. to W., which gave indication of a coming Aurora. 
There was no arch, but che light was diffuscd and of connierable brilliancy. The maximum of the 
brightness was at a position a ow degrees N. of W., at an altitude of about 20°, which appeared to be 
a stationary centre of luminosity during the whole of the display. The diffused light increased by 
degrees in intensity, and spread upwards till it reached the Zenith; but during this time there were 
no streamers. ‘The principal features of the phanomenon were, frequent pulsations, and sudden 
appearances and disappearances of streaks and large patches of light, so much resembling white 
clouds that but for their rapid changes of form and brightness, it would have been difficult to dis- 
tinguish them from the latter. The streaks darted in various quarters and different directions, 
waning as quickly as they formed, and auroral clouds of all imaginable shapes were continually 
bursting forth and vanishing, so as to present a spectacle of the utmost bixarrerie, till at length 
greater order began to prevail. Streamers of some degree of definiteness arose, and in a short time 
surrounded the magnetic Zenith. I then first observed the appearance of a corona or central point 
towards which the streamers converged, and estimated its position at 8. 47" Greenwich mean time, to 
be one degree South and half a degree East of 8 Andromede. 


«A large red patch due West and rising about 20°, was observed to retain its position from 8". 35™ 
to 8". 51™. At 8h. 56™ a broad red band stretched from the Corona through Capella, and in a few 
seconds changed to an auroral cloud of great brilliancy having Capella at its centre. At s*. 58™ an 
extraordinary red band of irregular width was formed extending across the heavens from a little S. of 
W.to N.E. These two azimuths were the prevailing positions of the red light during the whole of 
the phenomenon. ‘The band seemed to be a kind of junction of two red clouds. Its general course 
was through a and 8 Andromedz to the Corona, and from thence its axis passed through Capella. 


«“ At go. 15™ the phenomenon was at its greatest height of beauty and perfection. Streamers 
reached the Corona or Magnetic Zenith from all points of the Compass. The tout ensemble was a 
canopy of drapery, having the Corona for the point of divergence of the folds, and extending rather 
more Northward than Southward of the Astronomical Zenith ; while its boundary all round was con 
siderably elevated above the horizon. The outline was very irregular, but sharply defined, giving 
irresistibly the idea of the lower boundary of a suspended curtain. This feature was in greatest per- 
fection towards the N.W., where a broad space appeared so dark by contrast with the bright curtain 
above it, that it might have been mistaken for a cloud had not stars shone throughit. The predomi- 
nating colour of the streamers was white, but about W.S. W. and N. E., the peculiar ruddy tint of 
the Aurora was remarkably intense, and in other quarters the streamers were tinged with green and 
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blue. Altogether, both as to form and colour, the spectacle at this time was so singular and-so beau- 
tiful, that those who witnessed it here could not forbear giving repeated expression to their feelings of 
wonder and delight. 


«* The heavens were then partially covered with light clouds, through which the brightness of the 
Aurora seemed to penetrate. At 9*. 58™,a red patch covered the constellation of Orion. At 10°, 
when the clouds had dispersed, the general light resembled that of a night in midsummer, or the dawn 
of morning. Birds were heard to chirp in several quarters. 


* At 10". 15™, I saw a meteor, as bright as a star of the second magnitude, move slowly in a 
westerly direction, and disappear at an altitude of about 53°, and at an azimuth of about 28° from 
W. towards S. Flashes, supposed to be of lightning, were twice noticed. One occurred in the S. W. at 
10°. 23™. At this time the Aurora had much declined in brightness; but at 11" it broke out afresh, 
and the Corona was again formed, not however with the same distinctness as before. At 115.18™, a 
meteor, equal in brightness to a star of the second magnitude, was seen to cross the heavens slowly 
from E, to W.N. W., leaving a train behind it. Shortly after 11", 24™ the Corona became invisible, 
and the Aurora generally declined. I saw it, however, again between 14” and 15" in great brilliancy : 
a tolerably regular arch was formed in the N.W., from which very definite streamers rose, but did 
not reach the zenith: the red light also re-appeared in the West.” 


With reference to the above particulars I have two remarks to make. First, having in repeated 
instances of the Aurora observed the red light to prevail in the same azimuths, I made a comparison 
of the azimuths noted here in the instance of November 17 with statements respecting the prevailing 
direction of the red light given in descriptions of the same phwnomenon as seen at other places, and 
it seems to me probable that the red auroral clouds are formed over the Atlantic and German oceans. 
Secondly, the occurrence of meteors during an Aurora has been so frequently remarked, that one can 
hardly avoid suspecting some connexion between the two kinds of phenomenon. 


Vou. VIII. Parr V. 4M 
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The following are the Tables of Magnetic Observations referred to in the foregoing com- 
munication. 


Taste I. The Westerly Declinations of the Declination Magnet about the time of the Aurora 
Borealis of November 17, 1848, as observed at the Royal Observatory of Greenwich. 


Greenwich ’ Greenwich o Greenwich 
Mean ‘Time, | pautinaion, | Mean Time, Declination, Mean Time, | pedtinaton 
ps 

he me 0 ; a h m. 0 7 a fie) an: 0 A Ha 
Novy. 175, 40':, O01 28 2, 2) OsIVNov. 17, 61.40) |) (210.954) —85 Nov.17. 13.26 | 22.48.15 
20 2.30 i oO 22 cee oet sO 28 21. 45 
0.50 8 . 30 8:., 2 48 . 30 42 i 
is © 24. 0 7 33 . 30 13 . 50 24. 30 
5 | 23.12. 30 15 44. 30 TAS 6. 45 
12 | 22.58. 0 20 34. 50 35 | 22 . 29. 35 
15 | 23. 4. 30 40 51.0 14. 53 | 23.10. 50 
33 | 22 . 54. 30 8 . 53 29. 0 15.5 16: 22) 2 SONS 
Mp5 38 | 231212030 5 50 . 40 15. 42 ic 0 
2.15 3. 40 Uf 42. 0 16. 2 35. 35 
2.45 14. 0 3.30 17 54. 0 
sae 20) 5 . 50 14 2 00: 19 47 . 45 
5 18 . 30 17 | 22.24. 0 30 58 . 25 
20 Sic 0 20 |) Sir Se ear 0) 16. 44 | 22.50. O 
28 | 23.18 . 30 25 | 23.37. 30+ W714 120 230. 26a 
Srv ATalee2iemoomen eo 9.44] 23. 37. 45 Uy S5r | 23 AG nO 
0| 23. 2.45 10.10] 21.43. 40— 19). 20) "22)27 51730 
10) 22) 542. 10 40 | 21.43. 40 20 . 20 Sn SY) 
4. 20 | 22. 55 . 50 10.48 | 22.18. 30 21 : 20 55 . 45 
5. 20 | 22.54. 0 rah ge 8 10". 0 2.20 55. 0 
By RAO ORES Ulee 0) 32 3 0 23.20 | 22. 54. 30 

De (OCS, The Sw Uo es ah) 46. 0 

6). 15:22". 34. 10 12 . 20 54. 0 


To these observations the following remarks were attached : 


‘*The magnet began to be disturbed at 02.502 


*‘ Rapid changes occurred from 6" to 8.” 


“‘It is not known to what extent the Magnet moved between 9".25™ and 9". 44™ on one side, 
and between 10°. 10™ and 10". 40™ on the other. The motion at these times was smooth and 
certainly without any checked motion whatever.” 
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Readings of the Horizontal Force Magnet in parts of the whole horizontal force, 


about the time of the Aurora Borealis of November 17, 1848, as observed at the Royal Observatory 
of Greenwich, the whole force being reckoned 10,000, and increasing numbers denoting an increase 


of force. 
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These observations were accompanied by the following remarks : 


~] 


Nov. 18. 


_ 


“135 


Ko) 


6 2 ~wW WO WO WO — 
“I Oo 


ee) 
ano = 


So 


oO 


© 


“« Between 7". 23™ and 7". 40™ small changes were constant. Between 8>.14™ and 8", 24™, and 
again between 8". 40™ and 8". 45™, the registering pencil of light went beyond the photographic 


paper. 


The same thing happened at 10°. 2™, and the light remaining off the paper, the remaining 


observations, commencing at 12". 0™, were made independently of the self-registering apparatus.” 
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“ At 13". 45™ the force was at its lowest value, being at that time below its usual value by about 


one twenty-fifth part of the whole horizontal force. 


The force at 14". 40™ was but little above the 


minimum, after which it increased very gradually till about noon of November 18 it nearly reached 
the average value for the season and time of day.” 


Taste III. 


Approximate scale divisions of the Vertical Force Magnet about the time of the 


Aurora Borealis of November 17, 1848, as observed at the Royal Observatory of Greenwich. 


Increasing readings denote an increase of force. 


part 0,00067 of the whole vertical force. 


One scale division is equal to the fractional 


; Vertical A Vertical A Vertical . Vertical 
Mean'time, | ore Mean Time, | Foe | steam time, | Eos Mean'time, | fore 

2 Readings. s Readings. 7 Readings. rc Readings. 
hom div. he m. div. he om div. h. m. div. 
Nov.17. 0. 0| 21,7 | Nov.17. 9.14] 11,3 |Nov.17. 10.37]. 17,5 |Nov.17. 13.49] 13,2 
1520) 2053 16] 12,5 389| 18,8 51) lee 
2120) 20377 20 0,4 40 1 13.59 6,0 
3.20] 25,5 27| 27,0 + 45 | 20,9 14.28] 18,0 
4,20] 24,6 87| 27,0 + 53| 17,8 37| 14,8 
5.20} 22,2 Re | 10,0 10.56] 20,3 14.49] 18,5 
6.18] 26,5 |) 18,8 11.13 '|,, 16,3 15. 0| 13,0 
30| 25,7 48 5,1 LSie pls 20| 19,0 
35| 26,8 49| 11,8 19| 15,8 382| 16,8 
38| 26,2 50 6,2 20| 17,0 44| 20,5 
6.40] 26,8 §1| 11,5 BT L528 16:. °O)|2 1720 
8. 0| 16,8 53 6,6 34| 21,1 3| 18,3 
7 4,0 9.57 11,8 43 | 16,0 7{| 16,0 
30] 14,3 1024 0 10,1 11.50] 20,7 15| 18,1 
35 A) 5| 13,8 12. 0| 19,0 22| 15,2 
40] 15,1 8| 10,2 12} 20,8 16.37] 19,4 
44} 13,2 10| 13,6 We H 14,7 17.23} 15,2 
A7 16,8 12 11,0 1) 1650 34| 16,7 
50| 13,5 15| 13,0 12.55] 17,0 17.35| 15,0 
53| 15,3 17| 9,5 13.13 9,3 20. 5| 23,0 
8.57] 14,0 BS | 8,5 30| 16,8 22.20| 19,3 
9. 2) 16,3 1 0,7 38 17,0 23.20] 20,0 
8 14,0 22 7,0 44 11;0, [iNoved'8.70. (0)|) *21k5 

Q.. 11), 1650 10.33] 18,4 13.45]. 15,0 


“ Between 9b. 27™ and 9". 37™, the reading was somewhat greater, the light being off the paper. 


Where two readings are included by a bracket, it is to be understood that the motion of the Magnet 
was so rapid that both took place nearly simultaneously. Between 17>. 35™ and 20". 5™ the reading 
increased very gradually.” 


A comparison of Tables II. and III. shews that the disturbance of the Horizontal Force was 


much more considerable than that of the Vertical Force, and that both were generally below their 
average values. 


CAMBRIDGE OBSERVATORY, 
November 27, 1848. 


J. CHALLIS. 


XLVI. On Clock Escapements. By EvMuND BrecKETT DENISON, Esea., M.A., 
of Trinity College, Cambridge. 


“[Read November 27, 1848.] 


In the year 1827 the present Astronomer Royal wrote a paper in the Cambridge Phil. Trans., 
Vol. 111. p. 105, On the Disturbances of Pendulums and the Theory of Escapements,” in which he 
investigated the effects produced on a free pendulum by connecting it with each of the three classes 
of escapements ; and from the amount of the disturbance in each case, he inferred the relative merits 
of the escapements. He added: “* The Theory of Escapements is by no means complete, but I hope 
it will be found that the principal points have been touched on, and that enough has been said to 
enable any one else to pursue the subject as far as he may wish.” 


I know of no work in which the subject has been pursued further ; and therefore I propose to 
exhibit a few of the results which are to be obtained by following up Mr. Airy’s calculations, and 
which I arrived at in investigating the merits of an improved remontoir or gravity escapement, in- 
vented and constructed by a friend of mine*, avoiding certain mechanical objections to which such 
escapements have hitherto been liable; and it will be seen, from the following remarks, that they may 
be made, by a particular arrangement of the parts, free from the mathematical objection which Mr. 
Airy says renders them almost as bad as the common recoil escapement. Mr. Bloxam has had some 
communication respecting his clock with the Astronomer Royal; and I shall be glad if he is thereby 
induced to complete his Theory of Escapements. In the mean time the following remarks may be 
of some use. I shall take the mathematical results, though not the practical conclusions, of Mr. Airy’s 
paper for granted, as they are sufficient for my purpose ; and his method of obtaining them may be 
seen either in the volume referred to, or in Pratt’s Mechanics, into which the substance of his paper 
has been copied. 


I shall presume that every one who is at all acquainted with clocks understands the construction 
of the Dead Escapement, as it has superseded all others in clocks that are expected (as the clock- 
makers say) to perform correctly ; though it does not appear to be generally known from what the 
accuracy of its performance really arises. I shall follow Mr. Airy in assuming the maintaining force 
to be constant, although it is not quite so, since the inclination of the tooth of the escape-wheel to 
the face of the pallet is greater at the end of the impulse than at the beginning, by nearly the angle 
which the wheel moves through in one beat. Let 6 be the angle which the faces of the pallets make 
with their dead or circular part ; then, since the tooth ought to be a tangent to the dead part, 6 will 
also be the inclination of the tooth to the face of the pallet at the beginning of the impulse ; and we 
shall assume it to remain the same throughout the impulse. 


Let Pg be the moving force of the clock-weight referred to the extremity of the escape-wheel’s 
teeth: p the length of the pallet measured from the axis of suspension of the pendulum: M the 


mass of the pendulum, and / its length: @ its angle with the vertical. Then the equation of 
motion is 


PO g Pp g 
ae 7 (8+ a 8) - -F (849) 


say, (neglecting the moment of inertia of the wheel, and putting @ for sin 8 as usual). 


* J. M. Bloxam, Esq., of Lincoln’s Inn, Barrister-at-Law. 
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Then if a be the extreme value of 0, y the angle at which the impulse begins, and ry on the 
other side of zero at which it ends, Mr. Airy shews that A, the increase of the time of an oscil- 
lation due to the escapement, 


- 2 eae - Vea 74 


(y' + y) (y' - y) nearly, 


2a a? 
4 
if + and +’ are so small, that may be neglected. 


Mr. Airy remarks: ‘* This is a quantity extremely minute; for yy and vy’ are generally small, 
and vA — y may be made almost as small as we please. It cannot, however, be made absolutely 0 ; 
for the wheel must be so adapted to the pallets, that when it is disengaged from one it may strike 
the other not on the acting surface, but a little above it; therefore ry must be greater than ry ; but 
the difference may be made so small that the effect on the clock’s rate shall be almost impercep- 
tible. This escapement therefore approaches nearly to absolute perfection ; and in this respect theory 
and practice are in exact agreement.” 


Since A is only the increase in the time of one vibration, and there are 86,400 vibrations in a 
day, (assuming the clock to have a second’s pendulum,) and a second a day is a large error, it is 
worth while to see what A really is. If Wg be the clock-weight, and h its fall in a day ; then, since 
p (y + 7) tan f is the thickness of the pallets, or the drop of a tooth in one beat, 


" | Wh 
ey et Boni Grey i= ae 


and this quantity (which we may call F’), will be the same for all clocks of the same kind, whatever 
B or y + ry may be; and 
Es, 
A = —~, (y - 7). 


2Q7a® 


Now a weight of 2lbs. falling 9 inches a day will keep a well-made clock of this kind vibrating 
2° on each side of zero. Jis 39 inches, and M is usually about 14lbs. Therefore (allowing nothing 
for the friction of the train), 


2x9 .033 
~ 14 x 39 x 86400 86400 


since a = 2° = .035. 


005 ry — 

and 86400 A = psurey lias) / 
001 a 

I understand from clockmakers that -y’ — y can hardly be made less than 20’, and is seldom so 

Bey aly 
a 


; 1 ee . 
little; . Set and 86400 A = .8 of a second, nearly. This is the amount of A in a day 


But it is mot the error of the clock, being only the difference between the rate of a free pendulum 
and one disturbed by this escapement.. The error, or, as it is called, the ‘‘ rate,” of the clock, 
with the sign changed from what it would naturally have, is the variation of A, which depends 
on the variation of a and of F’, according to the friction of the train and the pallets. 


Differentiating A with regard both to a and F, 
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dA ge AERO Y) Ge 
27a 2 Ta 


3d 
or the “daily rate” = — .8° (F - =“). 
F a 


We see, therefore, that the real merit of this escapement arises from the two causes of error tending 
to counteract each other ; for, though no exact relation can be determined between the changes of 
the are and of the force, since they depend on the changes in the friction of different parts of the 
clock, yet it is easy to see that a will diminish when F' does, under the influence of increasing 


as : da. 1 dF* 
friction as the clock gets dirty. It appears that —— is not generally so much as soa and 
a 


therefore the clock gains as the are diminishes. Moreover, the circular error, which is never com- 
pletely corrected by the pendulum-spring, I understand, tends to make the clock gain as the are 


= ae ; 3 ada 
diminishes; since dA for the circular error = rae as may be seen from any book on pendulums. 


I have in one instance seen the contrary effect take place, where a church-clock, soon after it was 
put up, spontaneously increased its are by more than a degree, from the pallets polishing themselves 
more perfectly than had been done by the maker, and at the same time it gained considerably, as 
we see it ought to have done. The tendency to gain as the arc diminishes has led to the practice 
of making turret-clocks, which are liable to great changes both in the force and the arc, with a 
slight recoil in the place of the dead part of the pallets, as the effect of the recoil is to diminish 
the time as the arc increases. 

The principle of nearly all the gravity or remontoir escapements is this: There are two small 
arms three or four inches long on each side of the pendulum suspended separately on an axis coinci- 
dent with that of the pendulum and moving in the same plane with it: these arms carry a small 
weight at their lower ends, and also a detent to stop a tooth of the escape-wheel, and a pallet of some 
kind by means of which the arms are alternately raised by the wheel at every beat. The pendulum 
in ascending, at an angle y from the vertical, impinges on one of the arms, unlocks the wheel and 
carries the arm with it as far as it swings ; the arm then descends with the pendulum, not only to vy, 
but farther to an angle 3, less than y. The maintaining force of the arms therefore acts on the 
pendulum through -y—/, and the work which the clock has to do is raising the arms from £ to Y: 
This is the way in which these escapements have been usually made, I suppose with the view of keep- 
ing the pendulum free during as much of its are as possible ; but we shall see that it is much better 
to make 3 = — y, or one arm to be taken up by the pendulum just when the other is left; and as 
it is also more simple, I shall consider that case first. 


In order to find the errors of such an escapement, let p be the length of the arms supposed to 
be without weight; Pg the weight they carry at their lower end; 6 the angle which the arm in con- 
tact makes with the pendulum when it is vertical. Then the equation of motion will be 


Pp. 
@0 0+ a +9 i 
dak Pp’ re 


1 
ME 


2 


’ eee : : : P 
We may, in considering the error in the going of the clock, neglect the denominator 1 + == not 
i 


only because it very nearly = 1, but because it only causes a permanent change in the effective 


“ It must be remembered that experiments of altering the | clock is left to itself the arc varies probably more from the varying 
clock-weight, to find what effect is produced on the arc, do not | friction and state of the oil on the pallets than from the change of 
represent what takes place in the clock naturally ; for when the | force in the train. 
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length of the pendulum, since one of the arms is, in this form of escapement, always acting on the 
pendulum. And expanding sin (0 + @) we may put 1 for cos @, and @ for sin @ as before, 


9 


ve g Pp cos 6 Pp sin 6 
Se SN ae alae 
de i{( ae a )e+ Mi } 


A muh nO eng: 
which is of the form + met p) =0; 


dt 
‘. if @ were = 0 the time would = 7 a, or for a second’s pendulum = must sis fe 
On gm ? p 1 my WD = Te eas 
which is a very little less than z*. The only part of the force which produces an effect involving 
the arc is ps and it is a constant force. Therefore we may apply to it Mr. Airy’s expression for 
the increase of time due to such a force acting from a down to — y; and we have 


BHD ae We Satshe Waa 6 


This is, in fact, Mr. Airy’s result for a recoil escapement ; and if the pallets of a recoil escape- 
ment were made of any regular form, so that we could separate the force into one part varying as the 
are and the other part constant, it would be the same thing as a gravity escapement, only with 
much greater friction, and the important difference, that the force depends upon the train, whereas 
in a gravity escapement it is independent, and therefore uniform. Mr. Airy proceeds to remark, 


that “the differential coefficient of this quantity with respect to a is 


2p at=2y . dA 
Tv AJ ag —y? da” 


Hence it appears that the vibrations are quicker “than they would be without the maintaining force ; 
but if the are be increased while the maintaining force remains the same, the vibrations are slower. 


If while the arc remains the same the force be increased, the vibrations are quicker.” 
a aA 


But something else appears also: viz. the important fact, that if y be made =—~, i 0, 
2 da 


provided the force remains the same, as it does in a gravity escapement. And luckily this is a per- 
fectly practicable value for yy, though it is larger than a clockmaker would probable make it 
without knowing anything of this result; for if @ = 120’, y will = .7 x 120’ = 84, and a — y, 
or the space in which the unlocking has to take place = 36’, which with p = 4 or 5 inches will do 
very well for a clock which is liable to such small changes of are as these are. Therefore a gravity 
escapement may be made, in which the error will be nothing for a small alteration of the arc; and 
in such an escapement there is no such variation in either force or friction as can cause any material 


change in the are, 


In a recoil escapement we should have to differentiate A with respect both to a and @; 
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This is always negative; for it cannot be + unless 


dd 

at are an? 

ES ae it) 
da a-y 

a 


which is impossible, since @ always increases faster than a. Therefore the recoil escapement always 
gains as the arc increases, as is well known; and the cause of its inferiority to either of the others 


is evident. 
But still we want to ascertain what the error of a gravity escapement with + of the proper value 
will amount to, for some definite value of da, which the clock is not likely to exceed. Therefore we 


must find the value of @. 
Now the work done by the clock-weight is raising the weight P through 
pcos (6 — y) — cos (6 ++) = 2p sin d sin yy, 86400 times a day. 


Then assuming W and p the same as before (though this clock evidently does not require the same 
maintaining power as the dead escapement with its large amount of friction, I believe not half as 


much), 
Wp 2°34.9 
2Pp sino sin y = ——— = —; 
P 7 86400 86400 
2p 2Ppsind 4x 9 OL 
“= Mir — 14 x 89 x 8640047 — 864007” 
.012 — 
*. 86400A = — —— {/a — y7{ = —20sec., if * be made = 2, and a= 2° 
a > | 


= 0 when vy = a. 


* 
as a clockmaker would probably make it, in ignorance of the fact that © should = / 23 
on 
2 


a 
9 


.012da kb eee ys da 


“. 86400 dA = —— = —— -— 
: ya Ja —¥ My oy a 
Y 


- a - 
= .577 sec., for the last mentioned value of —, if da= 5’. 
ry 


This then is the daily error of a gravity escapement made, as we may say, at random, for an increase 
of the arc of 5’, remembering that we have taken @ twice as large as it need be. 


But ir? is made of the proper magnitude, so as to make ae = 0, we must differentiate again, 
and put a° = 2-°, in order to find the actual error for a small increase of a: then we have 
oS Pe ee 
da avy VE = ~~ 5) 


.012 2ada da 1 . 4 
— = — of a second, if da=5. 


a w/e a 48 
Vy ae 
+ 
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or the daily rate = 
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And we see that the clock will gain if a be either increased or diminished from y\/2. Therefore if 
the pendulum be adjusted when the clock is clean to vibrate 2' or 3’ more than y4/2, the are may 
diminish (and it will never spontaneously increase) as much as 5’ or 6’ with even a much less error 
than that above deduced, which it is to be remembered was already too large in consequence of our 
assuming the same maintaining force as in the dead escapement. 


I have omitted in this calculation the effect of the impact of the pendulum against the arms, and 
the small friction at unlocking, as I found in the calculations which I made retaining them, that 
they only introduced a very small term of a lower order than @. 

There is another form of the gravity escapement, in which, instead of one arm being taken 
up just as the other is left, the pendulum is free for some space in the middle of its are. This 
is evidently inferior to the other, for if the are varies, the proportion between the time during 
which the pendulum has only its own moment of inertia, and that during which it has that of 
one of the arms also, will vary. And it will be seen that the inferiority is still greater from 
another cause. 

For if we put y for the angle at which each arm is met by the pendulum, and # for that to 
which it descends; then for the two portions of the are in which the pendulum is acted on by the 
arms, we may integrate the same expression as before, only from ry to a, and down again to 8; 


Pia B+ Ve 7h 


ae ahve Veoh 


One value of 3 and + that will make this = 0 is evidently B = + y = 


da xa 


; but if 6 = y there 


is no maintaining power; and if 3 = — + it becomes the former kind of clock. In order to find 
other values, 


Let a? - 3’ = Pigaes a — 2 B= 247 —a’, y 


2 Doe iaseie 2 eis 2 2 
OY = NY eer they ene — A Clie 


d ‘ ee 
EM ¢ if = ay = /a? — Ba — 7. 


then we shall find that 


Since the value of ——= for B and + is useless, let us take the highest value for 8 that will leave 
fo) 


a — (3 of a sufficient size to secure the unlocking always taking place; which can hardly be less 
than 30’ with arms of moderate length: then (3 will be 90’ and y = 78’. And this leaves only 12’ 
for the maintaining power to act frond: An escapement of this sort is therefore barely practi- 
cable; and in it thie weight of the arms, and consequently the errors of the clock, must be much 
larger than in one where the action takes place through 84 on each side of zero. This kind of 
escapement, however, would do for such a clock in which the force acts on the bob of the pendulum 
for a short distance at each extremity of the arc—the worst possible place, unless the are through 
which it acts satisfies the above condition. However, the object of this paper was to shew that, 
mathematically speaking, gravity escapements may be made very superior to the dead escapement 
with its large amount of friction and variation of arc, and to remove the cloud which has hitherto 
lain over them in consequence of it being supposed that whatever mechanical improvements might 
be made in them, they must remain liable to an insuperable mathematical objection. 


E. B. DENISON. 


XLVI. (SuppLement.) On Turret-Clock Remontoirs. By E. B. Denison, M.A., 
of Trinity College, Cambridge. 


[Read February 26, 1849.] 


I wave given above a general description of a remontoir escapement, and shewn its advantages 
when properly made. But a remontoir apparatus may be introduced below the escape-wheel of a 
common escapement, and will have the same effect as a remontoir escapement, except that it will 
not remove the variable friction of the pallets, and will generally introduce some friction of its own. 
For astronomical clocks, probably a remontoir escapement is the best construction. But there is 
another class of clocks on which some attention has at last begun to be bestowed in this country, 
and which, from the great length and weight that may be given to their pendulums, are capable, 
when properly made, of excelling the performance of most astronomical clocks: I mean turret- 
clocks. And these clocks require a remontoir more than all others, on account of the great in- 
equality in the force of the train, arising from the varying friction of the very heavy machinery, 
and the occasional exposure of the oil to a freezing temperature, and the action of the wind on 


the hands. 


Now any remontoir escapement, to satisfy the condition which I have shewn ought to be 
satisfied by them, will require great accuracy in its construction, and will be too expensive to 
have any chance of being generally adopted. Moreover, there are two other conditions which a 
turret-clock must satisfy, in order to be of any use as a public regulator of other clocks; viz. that 
of striking the first blow at exactly the proper second, and that of enabling people to distinguish 
every twentieth or thirtieth second by a quick and visible motion of the minute-hand only at those 

intervals. These conditions were laid down by the Astronomer-Royal for the Royal Exchange 
Clock, and are also proposed by him for the great Clock for the Houses of Parliament. And these 
‘conditions, especially the second of them, can only be satisfied by introducing a remontoir into the 
train somewhere between the dial-work and the escapement. In the Exchange Clock a small weight 
is raised by a wheel with internal teeth at every twentieth second: in some French turret-clocks 
the weight is raised in a somewhat similar manner by two bevelled wheels: in a clock put up 
in Edinburgh in the last century, mentioned by Reid in his book on Clock-making, there was 
an endless chain remontoir (which has also been attempted again in France) ; but it was removed 
on account of the rapid wearing both of the chain and the letting-off pins. But for this, and 
the variable friction of such a chain, that kind of remontoir is probably the most tempting, as 
it is the most simple, of the gravity remontoirs. Both the other constructions are complicated 
and expensive, and have a good deal of friction of their own; and though I think a different 
kind of gravity remontoir may still be made, more simple and quite as effective (which however 
I shall not stay to describe), I am inclined to propose a spring remontoir as superior to any 
gravity one, on account of the greater facility of its construction, and the unusual circumstance 
of its being possible totally to exclude friction in its application; and I may also mention, as an 
incidental advantage, that it possesses a sort of natural compensation, the spring being stronger 
in cold weather, when the oil on the pallets is less fluid, and therefore a greater maintaining 
force is required, I find indeed that a spring remontoir is not new, having been tried in France, 
4N2 
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but without success, from evident defects in its construction, the clock sometimes failing to wind 
it up, which of course need no more happen with a spring than a gravity remontoir. It seems 
also to have been applied to a peculiar kind of escapement ; which was trying two experiments 
at once,—always an unscientific proceeding. 


The obvious mode of applying a spring remontoir is to make the pinion of the escape-wheel 
ride upon the axis instead of being fixed to it, and to connect the pinion and the wheel by a 
spiral spring. Then if the pinion is turned (say) a quarter round by the train at intervals, 
the wheel will be driven through a quarter of a revolution by the force of the spring only. 
This is the plan I find described for the French spring remontoir, and a similar one has been 
proposed by Mr. Airy, only to be wound up at every beat by means of a double escape-wheel and 
pallets, and the principle of it was applied to a chronometer many years ago. But if nothing 
more than this is done, the escape-wheel axis will have to turn within the pinion, as in a socket 
with considerable pressure and friction upon it, which will probably be worse than the ordinary 
friction of the train. The method I propose therefore is, to make the pinion (a brass lantern- 
pinion, having the inner end of the spiral spring attached to it) ride upon a steel pin fixed to 
the frame in the same line as the axis of the escape-wheel, and having in its end (or rather 
in a piece of brass screwed on to its end) the pivot hole for the escape-wheel axis. The outer 
end of the spring is to take hold of what I believe is called a dog (the shape of which will be 
best described by the drawing), which screws on to the escape-wheel axis (the screw also acting 
as a connterpoise), so that the tension of the spring can be adjusted to make the pendulum swing 
as far as is required. It is evident that the wheel will thus be driven by the spring without 
any friction. 

The mode of letting off the train at intervals, adopted in the 
Exchange Clock and the above-mentioned Clock by Reid, is by fixing 
two or more sets of long teeth on spikes in two or more planes on the 
broad rim of a wheel on the same axis as the wheel which drives the 
escape-wheel pinion ; and notches are cut nearly half through the escape- 
wheel axis over each set of spikes, which will let a spike pass through 
whenever the corresponding notch is in its lowest position; and the 
driving wheel is then stopped by one of the other set of spikes coming 
against the axis in a place where the corresponding notch is not yet in a 
position to let that spike pass. The objection to this is, that the spikes 
strike the axis with considerable force, and also press on it pretty heavily 
when at rest, which causes additional friction and requires a stronger 
maintaining power than would otherwise be necessary, The blow against 
the axis it is already proposed to diminish by a fly, to restrain the 
velocity of the train when it is let off; and a fly is now used in the 
French remontoirs ; where however it is much less needed, for they are 
let off by pins raising a lever just like a common striking part; and it 
does not signify how hard the lever is struck. But this plan also is 
objectionable because of the friction and loss of power in the escape- 
wheel in raising such a lever, which is much more than would be due 


to the pressure of the same lever, if only exerting a dead pressure on the 
axis until it slips through a notch. 


I propose to use a fly, but more for the sake of diminishing the pres- 
sure on the escape-wheel axis than of diminishing the velocity of the 
train; which is immaterial, except so far as it effects the escape-wheel. 
The two letting-off pins are to be one at each end of the fly ; and if the 
radius of the fly is equal to the diameter of the driving wheel, and the 


End view of Cylinder. 
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fly makes twelve revolutions for one of the driving wheel, the fly-pins will only exert 3th of the 
pressure on the axis that the spikes on the driving wheel exert. The fly is very light and made of 
thin brass, and is of itself a spring; and so its axis will not be stopped with a sudden shock, and 
the impact of the end of the fly on the escape-wheel axis may be made inconsiderable. This axis 
must be prolonged beyond the frame, to allow a fly of larger radius than the driving wheel to be 
used, and must end in a cylinder about half an inch thick. If the remontoir is to be let off every 
thirty seconds, which is a better interval for observation than twenty, the projecting cylinder may 
have two notches cut in it as before described, if the escape-wheel revolves in a minute. But 
it is generally made to revolve in two minutes, in order to save a wheel in the train; and in that 
case the letting off may be done better than with a four-armed fly, by making two notches across the 
end of the cylinder, at right angles to each other, one broad, and the other narrow and deeper, so 
that a broad pin will pass through one of the notches only, and a narrow and long pin through the 
other only. These pins are of course to be parallel to the axis of the fly; and the fly pinion must 
have half the number of leaves that the escape-wheel pinion has, whatever may be the number of 
teeth of the driving wheel. A Church-clock is now making on this plan. I have added a 
drawing of the material parts, placed in the way most convenient for shewing their action. 


E. B. DENISON. 


XLVIII. On the Formation of the Central Spot of Newton’s Rings beyond the Critical 
Angle. By G. G. Sroxes, M.A., Fellow of Pembroke College, Cambridge. 


[Read December 11, 1848.] 


WueEn Newton’s Rings are formed between the under surface of a prism and the upper surface 
of a lens, or of another prism with a slightly convex face, there is no difficulty in increasing the angle 
of incidence on the under surface of the first prism till it exceeds the critical angle. On viewing the 
rings formed in this manner, it is found that they disappear on passing the critical angle, but that the 
central black spot remains. The most obvious way of accounting for the formation of the spot under 
these circumstances is, perhaps, to suppose that the forces which the material particles exert on the 
ether extend to a small, but sensible distance from the surface of a refracting medium; so that in the 
case under consideration the two pieces of glass are, in the immediate neighbourhood of the point of 
contact, as good as a single uninterrupted medium, and therefore no reflection takes place at the 
surfaces. This mode of explanation is however liable to one serious objection. So long as the angle 
of incidence falls short of the critical angle, the central spot is perfectly explained, along with the rest 
of the system of which it forms a part, by ordinary reflection and refraction. As the angle of inci- 
dence gradually increases, passing through the critical angle, the appearance of the central spot changes 
gradually, and but slightly. To account then for the existence of this spot by ordinary reflection 
and refraction so long as the angle of incidence falls short of the critical angle, but by the finite 
extent of the sphere of action of the molecular forces when the angle of incidence exceeds the critical 
angle, would be to give a discontinuous explation to a continuous phenomenon. If we adopt the 
latter mode of explanation in the one case we must adopt it in the other, and thus separate the theory 
of the central spot from that of the rings, which to all appearance belong to the same system; although 
the admitted theory of the rings fully accounts likewise for the existence of the spot, and not only for 
its existence, but also for some remarkable modifications which it undergoes in certain circumstances*. 


Accordingly the existence of the central spot beyond the critical angle has been attributed by 
Dr. Lloyd, without hesitation, to the disturbance in the second medium which takes the place of that 
which, when the angle of incidence is less than the critical angle, constitutes the refracted light t. 
The expression for the intensity of the light, whether reflected or transmitted, has not however been 
hitherto given, so far as I am aware. The object of the present paper is to supply this deficiency. 


In explaining on dynamical principles the total internal reflection of light, mathematicians have 
been led to an expression for the disturbance in the second medium involving an exponential, which 
contains in its index the perpendicular distance of the point considered from the surface. It follows 
from this expression that the disturbance is insensible at the distance of a small multiple of the 
length of a wave from the surface. This circumstance is all that need be attended to, so far as the 
refracted light is concerned, in explaining total internal reflection ; but in considering the theory of 
the central spot in Newton’s Rings, it is precisely the superficial disturbance just mentioned that must 
be taken into account. In the present paper I have not adopted any special dynamical theory: I 
have preferred deducing my results from Fresnel’s formule for the intensities of reflected and re- 


* T allude especially to the phenomena described by Mr. Airy + Report on the present state of Physical Optics. Reports of 
in a paper printed in the fourth Volume of the Cambridge Philoso- | the British Association. Vol. 111. p.310. 
phical Transactions, p. 409. 
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fracted polarized light, which in the case considered became imaginary, interpreting these imaginary 
expressions, as has been done by Professor O’Brien*, in the way in which general dynamical con- 
siderations show that they ought to be interpreted. 


By means of these expressions, it is easy to calculate the intensity of the central spot. I have 
only considered the case in which the first and third media are of the same nature: the more general 
vase does not seem to be of any particular interest. Some conclusions follow from the expression 
for the intensity, relative to a slight tinge of colour about the edge of the spot, and toa difference in 
the size of the spot ascending as it is seen by light polarized in, or by light polarized perpendicularly 
to the plane of incidence, which agree with experiment. 


1. Let a plane wave of light be incident, either externally or internally, on the surface of an 
ordinary refracting medium, suppose glass. Regard the surface as plane, and take it for the plane 
wy; and refer the media to the rectangular axes of a, y, , the positive part of the latter being 
situated in the second medium, or that into which the refraction takes place. Let J, m,m be the 
cosines of the angles at which the normal to the incident wave, measured in the direction of 
propagation, is inclined to the axes; so that m=0 if we take, as we are at liberty to do, the axis 
of y parallel to the trace of the incident wave on the reflecting surface. Let V, V,, V’ denote the 
incident, reflected, and refracted vibrations, estimated either by displacements or by velocities, it 
does not signify which; and let a, a, a’ denote the coefficients of vibration. Then we have the 
following possible system of vibrations : 


27 
V =acos — (vt —lx — nz), 
r 
Qa 
Vi= G, COR (Ob — tat 2), caniawepasas emai) 
{nr , , 
Waa cosy ai t—I'x—-n'z), 


In these expressions v, v’ are the velocities of propagation, and X, )’ the lengths of wave, in the 
first and second media; so that v, v’, and the velocity of propagation in vacuum, are proportional 
to A, A’, and the length of wave in vacuum :'/ is the sine, and m the cosine of the angle of incidence, 
l’ the sine, and m’ the cosine of the angle of refraction, these quantities being connected by 
the equations 


l : ===> , Saar 
25, RE SOT ee CY hy Come eee er (1). 


2. The system of vibrations (4) is supposed to satisfy certain linear differential equations of 
motion belonging to the two media, and likewise certain linear equations of condition at the surface of 
separation, for which s = 0. These equations lead to certain relations between a, a, and a’, by virtue 
of which the ratios of a, and a’ toa are certain functions of 7, v, and v’, and it might be also 
of X. The equations, being satisfied identically, will continue to be satisfied when 2’ becomes 
greater than 1, and consequently n’ imaginary, which may happen, provided v’ >v; but the 
interpretation before given to the equations (4) and (1) fails. 


When 7’ becomes imaginary, and equal to v'\/—1, v’ being equal to »/7?— 1, x, instead of 
appearing under a circular function in the third of equations (4), appears in one of the exponentials 


SP pals Qa = - 
e **?, k’ being equal to 5 By changing the sign of 1/—1 we should get a second system 


of equations (A), satisfying, like the first system, all the equations of the problem; and we should 


* Cambridge Philosophical Transactions, Vol. v111. p. 20 


644 Mr. STOKES, ON THE FORMATION OF THE CENTRAL SPOT 


oe » ae 0 
get two new systems by writing vf + z for vt. By combining these four systems by addition and 


subtraction, which is allowable on account of the linearity of our equations, we should be able to get 
rid of the imaginary quantities, and likewise of the exponential e**”*, which does not correspond to 
the problem, inasmuch as it relates to a disturbance which increases indefinitely in going from the 
surface of separation into the second medium, and which could only be produced by a disturbing 
cause existing in the second medium, whereas none such is supposed to exist. 


3. The analytical process will be a good deal simplified by replacing the expressions (4) by 
2 
the following symbolical expressions for the disturbance, where i is put for = , so that kv = k'v'; 
V = gh et— len 1 | 


k(vt-lrtnz)/—-1 
? 


pares: .» (B). 
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In these expressions, if each exponential of the form «PV-1 be replaced by cos P + \/—1 sin P, the 
real part of the expressions will agree with (A), and therefore will satisfy the equations of the pro- 
blem. The coefficients of y/— 1 in the imaginary part will be derived from the real part by writing 


r p afer : : 
t+ as for ¢, and therefore will form a system satisfying the same equations, since the form of these 
v 
equations is supposed in no way to depend on the origin of the time; and since the equations are 
linear they will be satisfied by the complete expressions (B). 


Suppose now J’ to become greater than 1, so that 2’ becomes +y\/—1. Whichever sign we 
take, the real and imaginary parts of the expressions (B), which must separately satisfy the equations 
of motion and the equations of condition, will represent two possible systems of waves; but the 
upper sign does not correspond to the problem, for the reason already mentioned, so that we must 


use the lower sign. At the same time that nm’ becomes v'\/ — 1, let a, a, a become 


pel te oh, pe’, respectively : 
then we have the symbolical system 


Vx per _ ghlvt-lz—nz) Wei. 
V, as Pea Nahe eagie) Naede of, @; 
. aie p eno Ly en kve. ek Wt-t/=1, 
of which the real part 
V = pcos {k(vt — lx — nz) - Of | 
V,= p,cos {k(vt - l~+nz)- 6}, se34(D)s 
V’ = p'e *”* cos {k'(v't -I'a) - 6}, | 
forms the system required. 


As I shall frequently have occasion to allude to a disturbance of the kind expressed by the 
last of equations (D), it will be convenient to have a name for it, and I shall accordingly call it 
a superficial undulation. 


4. The interpretation of our results is not yet complete, inasmtuch as it remains to consider 
what is meant by V’. When the vibrations are perpendicular to the plane of incidence there is no 
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difficulty. In this case, whether the angle of incidence be greater or less than the critical angle, 
V’ denotes a displacement, or else a velocity, perpendicular to the plane of incidence. When the 
vibrations are in the plane of incidence, and the angle of incidence is less than the critical angle, 
V’ denotes a displacement or velocity in the direction of a line lying in the plane az, and inclined 


~ 


Tv . . 
at angles 7-7, — (= - i) to the axes of w, x, i’ being the angle of refraction. But when the 


angle of incidence exceeds the critical angle there is no such thing as an angle of refraction, and 
the preceding interpretation fails. Instead therefore of considering the whole vibration V’, consider 
its resolved parts V,’, V,' in the direction of the axes of x, x. Then when the angle of incidence is less 
than the critical angle, we have 


VJ =—n'V =-cos?.V’; VJ=UV' =sini.V’, 


V’ being given by (A), and being reckoned positive in that direction which makes an acute angle 
with the positive part of the axis of s. When the angle of incidence exceeds the critical angle, we 


must first replace the coefficient of V’ in V.’, namely — nm’, by v’e2?¥~', and then, retaining v’ 


4 Tv . . . . . 
for the coefficient, add x to the phase, according to what was explained in the preceding article. 


Hence, when the vibrations take place in the plane of incidence, and the angle of incidence 
exceeds the critical angle, V’ in (D) must be interpreted to mean an expression from which the 
vibrations in the directions of #, x may be obtained by multiplying by v’, /', respectively, and 


< ° * Tv ‘ : 
increasing the phase in the former case by =. Consequently, so far as depends on the third 


of equations (D), the particles of ether in the second medium describe small ellipses lying in 
the plane of incidence, the semi-axes of the ellipses being in the directions of x, x, and being pro- 
portional to »’, /’, and the direction of revolution being the same as that in which the incident ray 
would have to revolve in order to diminish the angle of incidence. 

Although the elliptic paths of the particles lie in the plane of incidence, that does not prevent 
the superficial vibration just considered from being of the nature of transversal vibrations. For it 
is easy to see that the equation 

av, +a Fe 
+ = 0 
dx dz 


is satisfied ; and this equation expresses the condition that there is no change of density, which is the 
distinguishing characteristic of transversal vibrations. 


5. When the vibrations of the incident light take place in the plane of incidence, it appears 
from investigation that the equations of condition relative to the surface of separation of the two 
media cannot be satisfied by means of a system of incident, reflected, and refracted waves, in which 
the vibrations are transversal. If the media be capable of transmitting normal vibrations with 
velocities comparable with those of transversal vibrations, there will be produced, in addition to 
the waves already mentioned, a series of reflected and a series of refracted waves in which the 
vibrations are normal, provided the angle of incidence be less than either of the two critical angles 
corresponding to the reflected and refracted normal vibrations respectively. It has been shewn 
however by Green, in a most satisfactory manner, that it is necessary to suppose the velocities of 
propagation of normal vibrations to be incomparably greater than those of transversal vibrations, 
which comes to the same thing as regarding the ether as sensibly incompressible; so that the two 
critical angles mentioned above must be considered evanescent*. Consequently the reflected and 


* Cambridge Philosophical Transactions, Vol. v11. p. 2. 
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refracted normal waves are replaced by undulations of the kind which I have called superficial. 
Now the existence of these superficial undulations does not affect the interpretation which has been 
given to the expressions (4) when the angle of incidence becomes greater than the critical angle 
corresponding to the refracted transversal wave; in fact, so far as regards that interpretation, it 
is immaterial whether the expressions (4) satisfy the linear equations of motion and condition 
alone, or in conjunction with other terms referring to the normal waves, or rather to the superficial 
undulations which are their representatives. The expressions (D) however will not represent the 
whole of the disturbance in the two media, but only that part of it which relates to the transversal 
waves, and to the superficial undulation which is the representative of the refracted transversal wave. 


6. Suppose now that in the expressions (4) m becomes imaginary, m’ remaining real, or that 
n and n’ both become imaginary. The former case occurs in the theory of Newton’s Rings when 
the angle of incidence on the surface of the second medium becomes greater than the critical angle, 
and we are considering the superficial undulation incident on the third medium: the latter case 
would occur if the third medium as well as the second were of lower refractive power than the 
first, and the angle of incidence on the surface of the second were greater than either of the critical 
angles corresponding to refraction out of the first into the second, or out of the first into the third. 
Consider the case in which m becomes imaginary, 2’ remaining real; and let 7 eae = py) —Bhen 


it may be shewn as before that we must put — v»/—1, and not »y\/—1, for n; and using p, 0 
in the same sense as before, we get the symbolical system, 


=0n/ =a 


-kvz _k(vt—lx)\/ —1 
eae . eklut la)V u 


V=pe 


v= pen™ =I LM, eet tay =1 | Aged Sh (4), 


Ve p' e-OV—1, kta —1 
to which corresponds the real system 
V = pe" cos $k (vt — la) - 0}, | 
V = pe cos {k (vt — la) - 0}, (.---.(F). 
V'= p'cos$k'(v't-I'w-n'z) -0'}, | 


When the vibrations take place in the plane of incidence, V and Vin these expressions must 
be interpreted in the same way as before. As far as regards the incident and reflected superficial 
undulations, the particles of ether in the first medium will describe small ellipses lying in the plane 
of incidence. The ellipses will be similar and similarly situated in the two cases; but the direction 
of revolution will be in the case of the incident undulation the same as that in which the refracted 
ray would have to turn in order to diminish the angle of refraction, whereas in the reflected 
undulation it will be the opposite. 


It is unnecessary to write down the formule which apply to the case in which x and n’ both 
become imaginary. 


7. If we choose to employ real expressions, such as (D) and (/’), we have this general rule. 
When any one of the undulations, incident, reflected, or refracted, becomes superficial, remove 
from under the circular function, and insert the exponential ¢~“"*, ENON ems according as the 
incident, reflected, or refracted undulation is considered. At the same time put the coefficients, 
which become imaginary, under the form p (cos @ +\/—1 sin @), the double sign corresponding 


to the substitution of + y./- 1, or £»'\/—1 form or n’, retain the modulus p for coefficient, 
and subtract @ from the phase. 


It will however be far more convenient to employ symbolical expressions such as (B). ‘These 
expressions will remain applicable without any change when m or m’ becomes imaginary: it will 
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only be necessary to observe to take £»\/—1, or £ v'\/—1 with the negative sign. If we had 
chosen to employ the expressions (B) with the opposite sign in the index, which would have done 
equally well, it would then have been necessary to take the positive sign. 


8. We are now prepared to enter on the regular calculation of the intensity of the central 
spot; but before doing so it will be proper to consider how far we are justified in omitting the 
consideration of the superficial undulations which, when the vibrations are in the plane of incidence, 
are the representatives of normal vibrations. These undulations may conveniently be called normal 
superficial undulations, to distinguish them from the superficial undulations expressed by the third 
of equations (D), or the first and second of equations (/), which may be called transversal. The 
former name however might, without warning, be calculated to carry a false impression ; for the 
undulations spoken of are not propagated by way of condensation and rarefaction ; the disturbance 
is in fact precisely the same as that which exists near the surface of deep water when a series of 
oscillatory waves is propagated along it, although the cause of the propagation is extremely 
different in the two cases. 


Now in the ordinary theory of Newton’s Rings, no account is taken of the normal superficial 
undulations which may be supposed to exist ; and the result so obtained from theory agrees very well 
with observation. When the angle of incidence passes through the critical angle, although a material 
change takes place in the nature of the refracted transversal undulation, no such change takes place 
in the case of the normal superficial undulations: the critical angle is in fact nothing particular as 
regards these undulations. Consequently, we should expect the result obtained from theory when 
the normal superficial undulations are left out of consideration to agree as well with experiment 
beyond the critical angle as within it. 


9. It is however one thing to show why we are justified in expecting a near accordance between 
the simplified theory and experiment, beyond the critical angle, in consequence of the observed 
accordance within that angle; it is another thing to show why a near accordance ought to be expected 
both in the one case and in the other. The following considerations will show that the effect of the 
normal superficial undulations on the observed phenomena is most probably very slight. 


At the point of contact of the first and third media, the reflection and refraction will take place 
as if the second medium were removed, so that the first and third were in contact throughout. Now 
Fresnel’s expressions satisfy the condition of giving the same intensity for the reflected and refracted 
light whether we suppose the refraction to take place directly out of the first medium into the 

third, or take into account the infinite number of reflections which take place when the second 
medium is interposed, and then suppose the thickness of the interposed medium to vanish. Conse- 
quently the expression we shall obtain for the intensity by neglecting the normal superficial undu- 
lations will be strictly correct for the point of contact, Fresnel’s expressions being supposed correct, 
and of course will be sensibly correct for some distance round that point. Again, the expression for 
the refracted normal superficial undulation will contain in the index of the exponential — &/, in 


place of — k yo - x, which occurs in the expression for the refracted transversal superficial 
undulation; and therefore the former kind of undulation will decrease much more rapidly, in receding 
from the surface, than the latter, so that the effect of the former will be insensible at a distance from 
the point of contact at which the effect of the latter is still important. If we combine these two 
considerations, we can hardly suppose the effect of the normal superficial undulations at intermediate 
points to be of any material importance. 


10. The phenomenon of Newton’s Rings is the only one in which I see at present any chance 
of rendering these undulations sensible in experiment: for the only way in which I can conceive 
them to be rendered sensible is, by their again producing transversal vibrations ; and in consequence 
of the rapid diminution of the disturbance on receding from the surface, this can only happen when 
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there exists a second reflecting surface in close proximity with the first. It is not my intention to 
pursue the subject further at present, but merely to do for angles of incidence greater than the 
critical angle what has long ago been done for smaller angles, in which case light is refracted in the 
ordinary way. Before quitting the subject however I would observe that, for the reasons already 
mentioned, the near accordance of observation with the expression for the intensity obtained when 
the normal superficial undulations are not taken into consideration cannot be regarded as any valid 
argument against the existence of such undulations. 


11. Let Newton’s Rings be formed between a prism and a lens, or a second prism, of the same 
kind of glass. Suppose the incident light polarized, either in the plane of incidence, or in a plane 
perpendicular to the plane of incidence. Let the coefficient of vibration in the incident light be 
taken for unity ; and, according to the notation employed in Airy’s J'ract, let the coefficient be mul- 
tiplied by b for reflection and by ¢ for refraction when light passes from glass into air, and by e for 
reflection and f for refraction when light passes from air into glass. In the case contemplated 4, ec, 
e, f become imaginary, but that will be taken into account further on. Then the incident vibration 
will be represented symbolically by 


k(vt —la— nev -1 
€ > 


according to the notation already employed ; and the reflected and refracted vibrations will be repre- 


sented by 


k(vt —lntnz)V/—1 
be ; 


ce *”?, eh t-taV 1, 

Consider a point at which the distance of the pieces of glass is D; and, as in the usual investi- 
gation, regard the plate of air about that point as bounded by parallel planes. When the superficial 
undulation represented by the last of the preceding expressions is incident on the second surface, the 
coefficient of vibration will become eq, g being put for shortness in place of e~*’”; and the reflected 
and refracted vibrations will be represented by 

cqe evs ek Wt-la)VA 
- > 
gf item =I 
> 
x being now measured from the lower surface. It is evident that each time that the undulation 
passes from one surface to the other the coefficient of vibration will be multiplied by q, while the 
phase will remain the same. Taking account of the infinite series of reflections, we get for the sym- 
bolical expression for the reflected vibration 


$b - cefq qi aft eg a eg’ aS oa) ekot—latnVA1, 


Summing the geometric series, we get for the coefficient of the exponential 


cef¢? 
peel 
1-é¢ 


Now it follows from Fresnel’s expressions that 
b=—6, ef=1=e*. 


These substitutions being made in the coefficient, we get for the symbolical expression for the 
reflected vibration 


Gage k(ut- le+nz)\/—1 (G) 
Te Ge € Pree ee ‘ 


* I have proved these equations in a very simple manner, without any reference to Fresnel’s formula, in a paper which will appear in 
the next number of the Cambridge and Dublin Mathematical Journal, 
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Let the coefficient, which is imaginary, be put under the form p (cos + V/=Isin W); then 
the real part of the whole expression, namely 


pcos }k (vt —-lw+nz) +}, 


will represent the vibration in the reflected light, so that p* is the intensity, and W the acceleration 
of phase. 


12. Let i be the angle of incidence on the first surface of the plate of air, « the refractive 
index of glass; and let \ now denote the length of wave in air. Then in the expression for q 


; 2r ps 
kiy'= =e sin*? — 1, 


In the expression for b we must, according to Art. 2, take the imaginary expression for cosi’ 
with the negative sign. We thus get for light polarized in the plane of incidence (Airy’s T'ract, 
p- 362, 2nd edition*), changing the sign of Wea 

b =cos20 + \/—1 sin20, 


where 
*sin*t — 1 
Ete aE, eins 5) 
p. COS 2 
Putting C for the coefficient in the expression (G), we have 
1-¢_ 1-q 


gay ey (1 — q*) cos 20 —4/—1(1 +4’) sin20 


. (= @) {a 7) cos 20 + v-10 + q) sin 20} 
(1- ¢)? + 4¢° sin? 20 


> 


whence 
1 2 
tan yy = Sly yen aan nS (3), 
1—@¢ 
* él = gy 
i i = ¢) Fi ag Saeapse Tei (4), 
where 
Pe ee Cade eC) 


If we take p positive, as it will be convenient to do, we must take \y so that cos Wy and cos 20 
may have the same sign. Hence from (3) sin yy must be positive, since sin 2 0 is positive, inasmuch 


T : . 
as @ lies between 0 and = Hence, of the two angles lying between — 7 and x which satisfy (2), 


~ 


we must take that which lies between 0 and z. 


For light polarized perpendicularly to the plane of incidence, we have merely to substitute @ for 


@ in the equations (3) and (4), where 
V/ we sin?i — 1 


iL 
tang = a cotleneapeecepen (Oe 


The value of g does not depend on the nature of the polarization. 


* Mr. Airy speaks of ‘ vibrations perpendicular to the plane of | which requires us to enter into the question whether the vibrations 
incidence,” and ‘‘ vibrations parallel to the plane of incidence,” | in plane polarized light are in or perpendicular to the plane of 
adopting the theory of Fresnel ; but there is nothing in this paper | polarization. 
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13. For the transmitted light we have an expression similar to (G), with — sx in place of mz, 
and a different coefficient C,, where 


qef _qQ-8)_q@'-d) 


= 1 Qt Qk) C= = = : 
Ca=cafteqreg +...) ia ae ar 


When the light is polarized in the plane of incidence we have 
Cc —/—1.2q sin 20 
oa: (1 — q) cos20 — \/—1(1 + 4’) sin 20 


2q sin 20 §(1 + q°) sin26 — / —1(1 = 4’) cos 20% 
(1 — 7) + 4¢ sin’20 ‘ 


so that if wW, and p, refer to the transmitted light we have 


1-¢ 


tan y= — COULD seenwee le csieses (8), 


1+4q° 


Dy0—6 
; 4q° sin°20 


Pi (1 — q’)’? + 4q’ sin’20 
If we take p, positive, as it will be supposed to be, we must take y, such that cosy, may be 
positive; and therefore, of the two angles lying between — 7 and 7 which satisfy (8), we must 


ree T 7 ; F 
choose that which lies between — = and +=. Hence, since from (3) and (8) w, is of the form 


Cs icivae anti k 7 
e+ 5 + n7, m being an integer, we must take yy, = Wy — Be 

For light polarized perpendicularly to the plane of incidence we have only to put @ for 6. It 
follows from (4) and (9) that the sum of the intensities of the reflected and transmitted light is equal 


to unity, as of course ought to be the case. This renders it unnecessary to discuss the expression 
for the intensity of the transmitted light. 


14. Taking the expression (4) for the intensity of the reflected light, consider first how it varies 
on receding from the point of contact. 


As the point of contact D = 0, and therefore from (5) q = 1, and therefore p* = 0, or there is 
absolute darkness. On receding from the point of contact q decreases, but slowly at first, inasmuch 
as D varies as 7°, r being the distance from the point of contact. It follows from (4) that the 
intensity p* varies ultimately as r*, so that it increases at first with extreme slowness. Consequently 
the darkness is, as far as sense can decide, perfect for some distance round the point of contact. 
Further on q decreases more rapidly, and soon becomes insensible. Consequently the intensity de- 
creases, at first rapidly, and then slowly again as it approaches its limiting value 1, to which it soon 
becomes sensibly equal. All this agrees with observation. 


15. Consider next the variation of intensity as depending on the colour. The change in @ and 
~p in passing from one colour to another is but small, and need not here be taken into account: the 
quantity whose variation it is important to consider is g. Now it follows from (5) that g changes 
the more rapidly in receding from the point of contact the smaller be A. Consequently the spot 
must be smaller for blue light than for red; and therefore towards the edge of the spot seen by 
reflection, that is beyond the edge of the central portion of it, which is black, there is a predominance 
of the colours at the blue end of the spectrum; and towards the edge of the bright spot seen by 
transmission the colours at the red end predominate. The tint is more conspicuous in the trans- 
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mitted, than in the reflected light, in consequence of the quantity of white light reflected about the 
edge of the spot. The separation of colours is however but slight, compared with what takes place 
in dispersion or diffraction, for two reasons. First, the point of minimum intensity is the same for 
all the colours, and the only reason why there is any tint produced is, that the intensity approaches 
more rapidly to its limiting value 1 in the case of the blue than in the case of the red. Secondly, 
the same fraction of the incident light is reflected at points for which D = \, and therefore r < 4/2; 
and therefore, on this account also, the separation of colours is less than in diffraction, where the 
colours are arranged according to the values of ), or in dispersion, where they are arranged according 
to values of \~* nearly. These conclusions agree with observation. A faint blueish tint may be 
perceived about the dark spot seen by reflection; and the fainter portions of the bright spot seen 
by transmission are of a decided reddish brown. 


16. Let us now consider the dependance of the size of the spot on the nature of the polarization. 
Let s be the ratio of the intensity of the transmitted light to that of the reflected; s,, s., the par- 
ticular values of s belonging to light polarized in the plane of incidence and to light polarized 
perpendicularly to the plane of incidence respectively ; then 
; 4q° sin°20 4q° sin’2 
Site eaar? SSS areas 8 

(1- ¢’) (1-4) 
8, sin 20 

= (an 20 

Now according as s is greater or less, the spot is more or less conspicuous; that is, conspicuous 
in regard to extent, and intensity at some distance from the point of contact; for in the immediate 
neighbourhood of that point the light is in all cases wholly transmitted. Very near the critical angle 
we have from (10) s:=‘s,, and therefore the spot is much more conspicuous for light polarized 
perpendicularly to the plane of incidence than for light polarized in that plane. As 7 increases the 
spots seen in the two cases become more and more nearly equal in magnitude: they become exactly 
alike when i= :, where 


) =f! +1) sin? — 1}?...... (10). 


82 


2 


sin*, = mi 
eas 
When i becomes greater than « the order of magnitude is reversed ; and the spots become more 
and more unequal as 7 increases. When i=90° we have s,=p'*s., so that the inequality becomes very 
great. This however must be understood with reference to relative, not absolute magnitude; for 
when the angle of incidence becomes very great both spots become very small. 


I have verified these conclusions by viewing the spot through a rhomb of Iceland spar, with its 
principal plane either parallel or perpendicular to the plane of incidence, as well as by using a 
doubly refracting prism; but I have not attempted to determine experimentally the angle of inci- 
dence at which the spots are exactly equal. Indeed, it could not be determined in this way with 
any precision, because the difference between the spots is insensible through a considerable range of 
incidence. 


17. It is worthy of remark that the angle of incidence « at which the spots are equal, is exactly 
that at which the difference of acceleration of phase of the oppositely polarized pencils, which arises 
from total internal reflection, is a maximum. 


When i =: we have 
°o 


sin 20 = sin 2p= 


Soe whence cot 6 = tan @ = »...(11); 
w+ 


G+) (9) tei 
Crease aia wheregae * SHH... (12). 


and p = 
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If we determine in succession the angles 0, G y from the equations cot 6 = p, tan (E q, tan n= 
sin 260 tan 2 G we have p? = 1 — p?=4 versin 2y, The expression for the intensity may be adapted 
to numerical computation in the same way for any angle of incidence, except that @ or @ must be 


determined by (2) or (6) instead of (11), and q by (5) instead of (12). 
18. When light is incident at the critical angle, which I shall denote by -y, the expression for 


‘ : 0 c 
the intensity takes the form aa Putting for shortness 4/,,* sin’? — 1 = w, we have ultimately 


27D . w w 
=1- ; t = = ST =p g 
i pea est red ecosit = V/ we —1 ae 
and we get in the limit 
Ber ey 
r r 

Ey dl eee 

r we) SN = wel 


according as the light is polarized in or perpendicularly to the plane of incidence. The same for- 
mule may be obtained from the expression given at page 304 of Airy’s Tract, which gives the inten- 


Sees 0 : - ; 
sity when i <vy, and which like (4) takes the form 5 when i becomes equal to ry, in which case 


e becomes equal to — 1. 


19. When é becomes equal toy, the infinite series of Art. 11 ceases to be convergent: in fact, its 
several terms become ultimately equal to each other, while at the same time the coefficient by which 
the series is multiplied vanishes, so that the whole takes the form 0x e . The same remark applies 
to the series at page 303 of Airy’s J’ract. If we had included the coefficient in each term of the 
series, we should have got series which ceased to be convergent at the same time that their several 
terms vanished. Now the sum of such a series may depend altogether on the point of view in which 
it is regarded asa limit. Take for example the convergent infinite series F 


t . P 2x sin 
f(a, y) =vsiny+4a’sin 3y +1 0° sin5y +... =} tan“! J 


t—2*’ 

where a is less than 1, and may be supposed positive. When «# becomes 1 and y vanishes 
F (x, y) becomes indeterminate, and its limiting value depends altogether upon the order in which we 
suppose w and y to receive their limiting values, or more generally upon the arbitrary relation which 
we conceive imposed upon the otherwise independent variables w and y as they approach their limit- 
ing values together. Thus, if we suppose y first to vanish, and then « to become 1, we have 


‘ 7 
f («,y)=0; but if we suppose @ first to become 1, and then y to vanish, f(v,y) becomes + a +or— 


according as y vanishes positively or negatively. Hence in the case of such a series a mode of 
approximating to the value of « or y, which in general was pefectly legitimate, might become inad- 
missible in the extreme case in which a=1, or nearly =1. Consequently, in the case of Newton’s 
Rings when i ~-y is extremely small, it is no longer safe to neglect the defect of parallelism of the 
surfaces. Nevertheless, inasmuch as the expression (4), which applies to the case in which i>-y, 
and the ordinary expression which applies when i<v, alter continuously asi alters, and agree with (13) 
when i=-y, we may employ the latter expression in so far as the phenomenon to be explained alters 
continuously as 7 alters. Consequently we may apply the expression (13) to the central spot when 
i=-y, or nearly =+y, at least if we do not push the expression beyond values of D corresponding to 
the limits of the central spot as seen at other angles of incidence. To explain however the precise 
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mode of disappearance of the rings, and to determine their greatest dilatation, we should have to 
enter on a special investigation in which the inclination of the surfaces should be taken into 
account, 


20. I have calculated the following Table of the intensity of the transmitted light, taking the 
intensity of the incident light at 100. The Table is calculated for values of D increasing by 4A, 
and for three angles of incidence, namely, the critical angle, the angle . before mentioned, and a 
considerable angle, for which I have taken 60°. I have supposed = 1°63, which is about the refrac- 
tive index for the brightest part of the spectrum in the case of flint glass. This value of » gives 
ry = 37°51’, ¢ = 42°18, The numerals I., I. refer to light polarized in and perpendicularly to the 
plane of incidence respectively. 
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21. A Table such as this would enable us to draw the curve of intensity, or the curve in which 
the abscissa is proportional to the distance of the point considered from the point of contact, and the 
ordinate proportional to the intensity. For this purpose it would only be requisite to lay down on 
the axis of the abscissa, on the positive and negative sides of the origin, distances proportional to the 
squares of the numbers in the first column, and to take for ordinates lengths proportional to the 
numbers in one of the succeeding columns. To draw the curve of intensity for i=< or for i= 60°, 
the table ought to have been calculated with smaller intervals between the values of D; but the law 
of the decrease of the intensity cannot be accurately observed. 


22. From the expression (13) compared with (4), it will be seen that the intensity decreases 
much more rapidly, at some distance from the point of contact, when i is considerably greater than y 
than when i=-v nearly. This agrees with observation. What may be called the ragged edge of 
the bright spot seen by transmission is in fact much broader in the latter case than in the former. 


When i becomes equal to 90° there is no particular change in the value of q, but the angles 6 
and @ become equal to 90°, and therefore sin 2@ and sin 2@ vanish, so that the spot vanishes. Ob- 
servation shows that the spot becomes very small when i becomes nearly equal to 90°. 

Vors VIIE Parr V. 4P 
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23. Suppose the incident light to be polarized in a plane making an angle a with the plane 
of incidence. Then at the point of contact the light, being transmitted as if the first and third 
media formed one uninterrupted medium, will be plane polarized, the plane of polarization being the 
same as at first. At a sufficient distance from the point of contact there is no sensible quantity of 
light transmitted. At intermediate distances the transmitted light is in general elliptically polarized, 
since it follows from (8) and the expression thence derived by writing @ for @ that the two streams 
of light, polarized in and perpendicularly to the plane of incidence respectively, into which the inci- 
dent light may be conceived to be decomposed, are unequally accelerated or retarded. At the point 
of contact, where q=1, these two expressions agree in giving yy,=0. Suppose now that the trans- 
mitted light is analyzed, so as to extinguish the light which passes through close to the point of 
contact. Then the centre of the spot will be dark, and beyond a certain distance all round there 
will be darkness, because no sensible quantity of light was incident on the analyzer ; but at inter- 
mediate distances a portion of the light incident on the analyzer will be visible. Consequently the 
appearance will be that of a luminous ring with a perfectly dark centre. 


24. Let the coefficient of vibration in the incident light be taken for unity; then the incident 
vibration may be resolved into two, whose coefficients are cosa, sina, belonging to light polarized 
in and perpendicularly to the plane of incidence respectively. The phases of vibration will be 
accelerated by the angles y,, \y,, and the coefficients of vibration will be multiplied by p, p,, if W,; 
p,, are what yy, p, in Art. (13) become when @ is put for 6. Hence we may take 


29 
p,cosa.cos |= (vt — wa) + wt, 
/ 


2 
P,, sin a. cos {= (vt - ae’) + ref 


to represent the vibrations which compounded together make up the transmitted light, a” being mea- 
sured in the direction of propagation. The light being analyzed in the way above mentioned, it is 
only the resolved parts of these vibrations in a direction perpendicular to that of the vibrations in 
the incident light which are preserved. We thus get, to express the vibration with which we are 
concerned, 


’ Qn ; 2Qar , \| 
sin a COS a 4p,COS (= (vi- we) 4 ) — p,, cos (5 (vt —par) oF Ya) f > 


which gives for the intensity (J) at any point of the ring 


I =1sin’ 2a }(p, cos W, — p,,cos W,,,)? + (p, sinw, — p,,sin W,)°t --- (14), 


wel 


= 1sin’2a$p? + p,7 — 2p,p,, cos (Wy, — Wt. 
Let P,, Q, be respectively the real part of the expression at the second side of (7) and the 
coefficient of »/— 1, and let P, Q, be what P,, Q, become when @ is put for 0. Then we may 
if we please replace (14) by 
D=FT sm 2a) (Po —P.)? (Qi. the tear etaeea ce acee (15). 


The ring is brightest, for a given angle of incidence, when a = 45°. Wheni=1, the two kinds 
of polarized light are transmitted in the same proportion ; but it does not therefore follow that the 
ring vanishes, inasmuch as the change of phase is different in the two cases. In fact, in this case 
the angles @, @ are complementary ; so that cot 2q, cot 20 are equal in magnitude but opposite in 
sign, and therefore from (8) the phase in the one case is accelerated and in the other case retarded 
by the angle 


2 


1-—q \ "97 ue 
tan ( zB cot 26) er OF tan ame z *) : 
l+¢ 1+ q° 2 
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It follows from (14) that the ring cannot vanish unless p, cos y= Pu cosy, and p, sinyy, = 
p, sn W,. This requires that p?=p,*, which is satisfied only when i=«, in which case as we have 
seen the ring does not vanish. Consequently a ring is formed at all angles of incidence; but it 
should be remembered that the spot, and pee aecutls the ring, vanishes he i becomes 90°. 


‘ : 0 : 
25. When i=+r, the expressions for P,, Q,, take the form a and we find, putting for 


aD 
shortness So 


P Cs ae Og 
8 ~ pe + (@ S iD} 2 7)-1? ¢ et ee = Lyre 
ipa p(w - 1)? ee pa Ges 
op Gay me pee Ge ey 


If we take two subsidiary angles y, w, determined by the equations 


aD . 
=> p? —1 = tany =p’ tana, 
r 
we get 
to} 
P = 2 ~ =; 
@ = COS y; dea =cosw, Q,=—sin xX COS x; Q, = — SINw COS w. 


Substituting in (15) and reducing we get, supposing a = 45°, 
T = Lversin (2y — 2w) ....2----ceeeee (16). 


When i = t, cos 2m = — cos 20, sin 2 =sin 290; and therefore P,= P,, Q,= — Q,, which when 
a = 45° reduces (15) to J = Q,’. 


If we determine the angle @ from the equation 


1—q° = 2qsin2@tan@, or tan w = cot 2¢. cosec 26, 


I =f sin*27 . cos*26......4..... (17): 
In these equations 
27D 


(Dr 1 
log, tan ¢ = — 5? cot = 
26. The following Table gives the intensity of the ring for the two angles of incidence i =y and i=, 
and for values of D increasing by A. The intensity is calculated by the formule (16) and (17). 
The intensity of the incident polarized light is taken at 100, and « is supposed equal to 1°63, 
as before. 


4P2 
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0° 0-0 
Lipa BOY 
3° Sie 
AN 3°6 
Lie 1-9 
A° 9 
4° * hh 
| 4° a) 
3 oa 
EP? “0 


fo oe OY OT) 
ANaOaNQWWAMAHOO OCH NH PANO HK PTH HMOAeO —— © oO Oo 


CHOMNODOANBHONHF OM ANGAUPHONHKY OM AHAAANEANH S 


tow tH W OH DH 1 © DO DO SH SH BY PP Se ES 


em Or 


The column for i= may be continued with sufficient accuracy, by taking J to vary inversely as 
the square of the number in the first column. 


27. Ihave seen the ring very distinctly by viewing the light transmitted at an angle of inci- 
dence a little greater than the critical angle. In what follows, in speaking of angles of position, F 
shall consider those positive which are measured in the direction of motion of the hands of a watch, 
to a person looking at the light. The plane of incidence being about 45° to the positive side of the 
plane of primitive polarization, the appearance presented as the analyzer, (a Nicol’s prism,) was 
turned, in the positive direction, through the position in which the light from the centre was extin- 
guished, was as follows. On approaching that position, in addition to the general darkening of the 
spot, a dark ring was observed to separate itself from the dark field about the spot, and to move 
towards the centre, where it formed a broad dark patch, surrounded by a rather faint ring of light. 
On continuing to turn, the ring got brighter, and the central patch ceased to be quite black. The 
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light transmitted near the centre increased in intensity till the dark patch disappeared: the patch 
did not break up into a dark ring travelling outwards. 


On making the analyzer revolve in the contrary direction, the same appearances were of course 
repeated in a reverse order: a dull central patch was seen, which became darker and darker till it 
appeared quite black, after which it broke up into a dark ring which travelled outwards till it was 
lost in the dark field surrounding the spot. The appearance was a good deal disturbed by the 
imperfect annealing of the prisms. When the plane of incidence was inclined at an angle of about 
—45° to the plane of primitive polarization, the same appearance as before was presented on revers- 
ing the direction of rotation of the analyzer, 


28. Although the complete theoretical investigation of the moving dark ring would require a great 
deal of numerical calculation, a general explanation may very easily be given. At the point of contact 
the transmitted light is plane polarized, the plane of polarization being the same as at first*. At some 
distance from the point of contact, although strictly speaking the light is elliptically polarized, it 
may be represented in a general way by plane polarized light with its plane of polarization further 
removed than at first from the plane of incidence, in consequence of the larger proportion in which 
light polarized perpendicularly to the plane of incidence is transmitted, than light polarized in that 
plane. Consequently the transmitted light may be represented in a general way by plane polarized, 
with its plane of polarization receding from the plane of incidence on going from the centre 
outwards. If therefore we suppose the position of the plane of incidence, and the direction of 
rotation of the analyzer, to be those first mentioned, the plane of polarization of light transmitted by 
the analyzer will become perpendicular to the plane of polarization of the transmitted light of the 
spot sooner towards the edge of the spot than in the middle. The locus of the point where the two 
planes are perpendicular to each other will in fact be a circle, whose radius will contract as the ana- 
lyzer turns round. When the analyzer has passed the position in which its plane of polarization is 
perpendicular to that of the light at the centre of the spot, the inclination of the planes of polar- 
ization of the analyzer and of the transmitted light of the spot decreases, for a given position of the 
analyzer, in passing from the centre outwards; and therefore there is formed, not a dark ring 
travelling outwards as the analyzer turns round, but a dark patch, darkest in the centre, and 
becoming brighter, and therefore less and less conspicuous, as the analyzer turns round. The 
appearance will of course be the same when the plane of incidence is turned through 90°, so as to 
be equally inclined to the plane of polarization on the opposite side, provided the direction of 
rotation of the analyzer be reversed. 


29. The investigation of the intensity of the spot formed beyond the critical angle when the 
third medium is of a ‘differ ent nature from the first, does not seem likely to lead to meals of any 
particular interest. Perhaps the most remarkable case is that in which the second and third media 
are both of lower refractive power than the first, and the angle of incidence is greater than either of 
the critical angles for refraction out of the first medium into the second, or out of the first into the 
third. In this case the light must be wholly reflected; but the acceleration of phase due to the 
total internal reflection will alter in the neighbourhood of the point of contact. At that point it will 
be the same as if the third medium occupied the place of the second as well as its own ; ata distance 
sufficient to render the influence of the third medium insensible, it will be the same as if the second 
medium occupied the place of the third as well as its own. The law of the variation of the accele- 
ration from the one to the other of its extreme values, as the distance from the point of contact varies, 
would result from the investigation. This law could be put to the test of experiment by examining 
the nature of the elliptic polarization of the light reflected in the neighbourhood of the point of 


* The rotation of the plane of polarization due to the refraction at the surfaces at which the light enters the first prism and quits the 
second is not here mentioned, as it has nothing to do with the phenomenon discussed. 
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contact when the incident light is polarized at an azimuth of 45°, or thereabouts. The theoretical 
investigation does not present the slightest difficulty in principle, but would lead to rather long 


expressions 5 and as the experiment ould be difficult, and is not likely to be performed, there is no 
occasion to go into the investigation. 


30. In viewing the spot formed between a prism and a lens, I was struck with the sudden, or 
nearly sudden disappearance of the spot at a considerable angle of incidence. The cause of the 
disappearance no doubt was that the lens was of lower refractive power than the prism, and that the 
critical angle was reached which belongs to refraction out of the prism into the lens. Before disap- 
pearing, fhe spot became of a bright sky blue, which shows that the ratio of the refractive index of 
the prism to that of the lens was greater for the blue rays than for the red. As the disappearance 
of the spot can be observed with a good deal of precision, it may be possible to determine in this 
way the refractive index of a substance of which only a very minute quantity can be obtained. The 
examination of the refractive index of the globule obtained from a small fragment of a fusible 
mineral might afford the mineralogist a means of discriminating between one mineral and another. 
For this purpose a plate, which is what a prism becomes when each base angle becomes 0°, would 
probably be more convenient than a prism. Of course the observation is possible only when the 
refractive index of the substance to be examined is less than that of the prism or plate. 


G. G. STOKES. 


XLIX. Of the Intrinsic Equation of a Curve*, and its Application. 
By W. WuEwE Lt, D.D., Master of Trinity College, Cambridge. 


[Read February 12, 1849.] 


1. Maryemaricrans are aware how complex and intractable are generally the expressions 
for the lengths of curves referred to rectilinear coordinates, and also the determinations of their 
involutes and evolutes. It appears a natural reflexion to make, that this complexity arises in a 


p. 659 CORRECTIONS. 
line for read 
Article 4, 2 if s if, 
= 4 QB-BA QB+BA 
31 3 for y fory=0 


last page of the additional Note, 
5 ‘ 


a 
6 in the denominators m®, m", m' 
~p”" ~, 
m™ m 


m* m 
m3, m*, m° 


8 


LD apie ds . 2 , 
: 3. It is evident that —— is p, the radius of curvature. Hence p=" (#), and the curve may 


also be contracted approximately by taking small finite differences of @, drawing a line perpen- 
dicular to the curve at first, setting off the value of p, drawing a circular are to radius p for Ag, 
then setting off p,, and drawing a circular are with radius p, for Aq, and so on. See Fig. 2. 


4. The evolute of a curve is easily found from this equation, For if (Fig. 3) AP be the 
curve, BQ the evolute, AP = s, BQ=s', it is evident that @ is the same for both s and s’, if s in 


BQ, d be measured from BA, perpendicular to A «x. 
d 
And QP = QB - BA, or p=s' + C. Hence s’ =f" (p)-C= 5 - G 


If the curves have the forms represented in Fig. $a, the formule are nearly similar. 


* After writing this paper, I found that Euler had, in the solu- | tion being the integral of Euler's, has, of course, one more arbitrary 
tion of a particular problem, expressed curves by means of an | constant than his. There may very possibly be other modes of 
equation between the are and the radius of curvature. This equa- | expressing curves which may be fitly described as ‘‘ intrinsic equa- 
tion is, as is shown in the paper, the differential of my ‘‘intrinsic | tions’ to the curves. I was not able to find any other name for the 
equation,” and has an equally good right to the name. My equa- | equation which I have employed. 
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. . . . , / . * 
5. Hence s’, s”, &c. indicating the successive evolutes, p, p’, p’, &c. the successive radii 
of curvature, we have, 


as eels Peds 
SF agen ON Mage age wae , &e. 
Use edste tase 


Cag wig! ape we. 


6. Also we may in like manner find the successive involutes s,, s,, s,, &c. For we have 


ds ; a re 
Tp 78 tOAF (+O s=F(G) + CH, 
So ——=s+C,=f(~)+Co+iG, 


Pp 
8 =fi(p) + OS + C, ¢. 
Hence s is known in function of ~, and therefore the curve known. And in like manner 8,, s;, &c., 
if these be the ares of the successive involutes. 


In Fig. 4, CR, BQ, AP are successive involutes of DS. 


7. It is evident that the intrinsic equation to the circle is 
s = aq, a being the radius. 
Also for the equiangular spiral, since the curve from its origin is everywhere similar to itself, 
the radius of curvature is proportional to the whole are. Hence 
ds 
dp 


If s and @ vanish at the same time, s = a (e”® — 1). 


=ms; whence s = a"®, if s be measured from the pole. 


We shall afterwards give general formule for obtaining the intrinsic equation from the ordinary 
coordinate equation, and reversely. But the operation of our method will be better seen by first 
taking some special cases. 


Of Cycloids, Epicycloids, and Hypocycloids. 


8. In the Cycloid, if VB, Fig. 5, be the diameter of the generating circle, rolling on the 
straight line DB from the initial position 4D, when it is perpendicular to DB, and P the describ- 
ing point at that time, PQ being the diameter, by the mode of description, the are BQ = BD. 
But the curve at P is perpendicular to PB; and if @ be the angle of deflexion, ¢ = VBP, and 
2m=VCP. Hence chord VP = 2b sin gp, if 6 be the radius of the circle. And the are AP 
= 2chord VP. Hence the intrinsic equation to the cycloid is 


s=46 sin Pp: 


When ¢# becomes a right angle, s becomes a maximum. At this point there is a cusp (Z), and the 
added part of s after this is negative; and so continues, till ¢ = 8 right angles, where there is 
another cusp (Z), and the added part of s becomes positive ; and so on. 
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9. In the Epicycloid, if we take Newton’s construction (Princip. B. 1v. Sect. 10, Prop. 49), 
Fig. 6, CB the radius of the globe, VB the diameter of the wheel when the describing point is at 
P, E its center, we have, by Newton’s proposition, only measuring the arc from A the vertex, 
instead of Z the cusp, the arc at P perpendicular to the chord BP; and 


B= 2CE, =: chord Vie»; arc AP: 


Let a be the radius of the globe, 6 the radius of the wheel: 6 the angle DCB, through which 
the wheel has rolled upon the globe. Then (PQ being a diameter) by the mode of description, are 


BQ=8BD. Therefore angle BEQ = a therefore chord VP = 2bsin =. ; and 


. a8 4 
a: 2(a+)b) :: 2b sin —: 8; etimceteea ePID 2 a8 
2b 2b 


ag 
But VBP = aie and DCB = 9@. Hence BP makes with CA an angle = a +6. And since the 
z a 
curve at A is perpendicular to CD, and at P, to BP, it is evident that if @ be the angle through 


which the curve has deflected at P, p= S +@0= CHEE 0. 


2b 


ene ene Pine 
ence § = ——— q; and the intrinsi - re eee 
a+ 2h 2 sic equation to the epicycloid is 


4(a+b)b., a 
= ———— sin 
a a+2b 


p- 


This may coincide with any curve of which the equation is 


s=/sinm@, where m is less than 1. 


: a 4(a+b)b 
In this case, m = ———, pete 
a+2b a 
6b 1=—m EM Gl b 
whence — = y pect a) af 
a 2m m 


10. In the same manner we shall find that the intrinsic equation to the hypocycloid is 


4(a—b)b. a 
= ———_—_ sin 


a = PSTN 


And this may coincide with any curve of which the equation is 


s =lsin m@, where m is greater than 1, by making 


6b m-1 i 2(1 +m) b 


>] 
a 2m m 


11. It is evident from the equation s = /sin m@, that the curves represented by that equation 
will be of such forms as are seen to result from the epicycloidal mode of description. Thus the 


equation s = isin © gives a curve in which s continues to increase from A, where @=0, till 

p=, after which it decreases, Hence there will be a cusp when the curve has deflected 

through two right angles, as at Z, Fig. 7. After this point the curve goes on in an identical 

inverted course, till @ = 27, as at A’, when s = 0, the negative part having destroyed the positive 
Vor Vill Pann Vi. 4Q 
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part. The negative value of s goes on increasing till p = 37, at Z’, when there is another cusp 
Afterwards the arc becomes positive, and the curve returns to A, having deflected through 47*. 


The curve is an epicycloid in which 6 = 4 a. 
12. Again, if s=Jsin2q, s increases from A, where p = 0, till ie a7, When it is a maxi- 


mum, and there is a cusp, Z, Fig. 8. After this the are (from Z) is negative till p= oe when 
4 


A : oe , 5 
there is a second cusp, Z’. Then the arc is positive, till p= gah (at Z”). Then it is negative 
4 


till p= i (at Z’”). When @ = 27, the curve returns to A. 


The curve is a hypocycloid in which 6 = 4a. 


13. It s=rsin®, gatsin®, een me. 


0 
: Sn rote. ; 
we have epicycloids in which — is respectivel 
picy ii 
1, 3, 2, &e. 


The radius of the wheel in these latter cases is greater than that of the globe, and the curve is 
deflected through more than a whole circumference before it comes to a cusp. Thus in the case 


s=/sin ay the curve deflects through 27 + = to come toa cusp. See Fig. 9. 
0 


14. In the same way, if we have 


s=lsin3@, s=lsin4d, s=lsindd, Xe. 


b.. : 
we have a series of hypocycloids, in which AS respectively 


b 
As m becomes larger and larger, — approaches more and more nearly to 4, but never attains 
a 
that magnitude. As is well known, for that supposition, the hypocycloid is a straight line. 


15. It is evident that the ordinary properties of epicycloids and hypocycloids, as to their 
lengths, radii of curvature, involutes, evolutes, &c., all follow with great facility from the use of our 
equation. Thus the pete of the epicycloid from the vertex d to the cusp Z is had by making 


4 b)b 
ese: and the 
a 


the angle 
8 a 


-—¢ = z which gives the length of that half of the curve = 
+2 2 


8 b 
whole length — from cusp to cusp, the known values. 


Also the radius of curvature of the epicycloid 
ds 4(a+b)b a 
= ——_—__"_ ¢0s 
do a+2b a+2b 


gp, the known value. 


« That there will be a cusp when s isa maximum, appears also by considering that in that case a=0, that is, the radius of cur- 


yature vanishes. 
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16. Again, for the evolute of the epicycloid, let, in Fig. 6, ZO =<" be the arc of the evolute. 
Therefore 


, &(a@4+b)b a 
See pare eae 
' a T a7 a+ 2b 
But at Z, where s’=0, ey are p=5: re 


And the deflexion of the evolute beginning from Z and going to 0 is the excess of this value 
of @ above the value at P, because at every point the evolute i acta to the curve. 


aw a@+26 
Therefore if o' be the deflection of s', == he 3; and = =, p= = airs ae" 
4 b)b ae 
Therefore pace (etab ye sin E g~. This is an epicycloid similar to the first; for the 
a+2b a+2b 
r : , 4& (a+ b’) U ate age a’ a 
equation agrees with s = ae ara a ean > - if 7 2 and a eee 


Of Running-pattern Curves. 


17. By Running-pattern Curves I mean curves in which a certain form of curve is repeated 
over and over again in the progress of the whole curve. For example, let @ = sin s; as s increases 


A é : : 7 3a 57 
from 0 to infinity, it becomes successively 0, pita 27,5 Ke, and the corresponding values 


of @ are 0, 1, 0, —1, 0, 1, &e.: and the curve is evidently a sinuous curve, as represented in Fig. 
10, in which the same form is constantly repeated every time that s goes through the value 2 + 


The greatest angle which the curve makes with the original direction is 1 and — 1; that is, 
the angle of which the are = 1, to the one side and to the other. 


18. If p=m. sin s, we shall in like manner have a sinuous curve in which the greatest 
angles of deflexion to one side and the other are = m. 


If @ =- = sin s, these deflexions become right angles, and the curve is as represented in Fig. 11. 


19. If @ = 7m sins, the curve from s = Otos = “is of the form C4, Fig. 12; A being 


: paar ds 1 : ean | 
behind C. For in this case, d¢ = . Hence the radius of curvature is— at C, where s = 0, 
7 COS § T 


and increases to A, where it is infinite. The evolute is of the form BD, and has for its asymp- 
tote the line 4 #, perpendicular to the original direction. And hence the general form of the curve 
CA is manifest. At A there will be a point of inflexion; and after A the curve will be repeated 
in inverse position, as 4 C’, and then continued reversely from C’ to 4’, and so on, as in the Figure. 


5 . . . = T 
20. If @ = 2m sins, it will be seen, in like manner, that the curve from s = 0 tos => 


is of the form CA, Fig. 13, and by the repetition of this, we have the curve as represented. 


21. The pattern in the above curves is symmetrical with regard to a line transverse to the 


line @ = 0. But we may have patterns which are not thus symmetrical, 
sin v d m + cos & 
Let y = —————\_ , whence a so (ices) 
1+ mcos v& dx (1+™m cos 2)* 
4Q2 
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If x, y, be ordinary coordinates, these equations represent a curve sinuous, but each sinus 
not symmetrical. The angles at which the curve cuts the axis are alternately those of which the 
tangents are 

1 1 


l+m 1-m 


Hence the descending side is more inclined than the ascending. 


We shall obviously have a curve nearly resembling this, if we take the intrinsic equation 


mM +COSs § ‘ : ‘ 
= (ames which differs from the former by putting @ for tan @, and s for «. 
+m coss 


? 


The curve will be a sinuous curve, inclined to the original line @ = 0, at maximum angles 
1 1 
OG a me 
the first quadrant for which cosa = m, gp =0 whens =7-a,a7 +a, 37-a, 374 a, &.; and 


the curve will be as represented in Fig. 14. 


on one side, and on the other, when coss= +1. Andif a be the are in 


¢ 1 ae p 
For example, if m 4 the curve deflects alternately on the positive side, so that the angle of 


deflexion is —, and on the negative side, so that the angle is —; that is, the angles are respectively 
4 2 


43° and 86° nearly. 


; : ds 1+m cos s)° 
We have, in this case, ——— ( ) —. 
dp (2m’—1+4mcos 8) sins 


This is the radius of curvature, which becomes infinite when s = 0, 7, 27, &ec.; that is, at A, 
A’, A”, &c., when there are points of inflexion. 


m + Cos s 
: f s | > = QA) =a eS 
22. If we have @ =p (1 + m cos s)? 


we shall still have a sinuous curve, and the greatest deflexions will be 


Thus if p = 


Tv 
—, and m= 
2 


2 7 - 
5 > and —2.—; that is 60° and — 180°. 


Hence the curve will be of the form represented in Fig. 15, making at 4 an angle of 60° with 
the line @ = 0, and at B, where cos s = — 1, the curve being parallel to @ = 0, but in the opposite 
direction. 

The radius of curvature is infinite at 4 and at B, and has a minimum value at some intermediate 
point, nearer to B. 


23. Itis easy to construct running patterns curves of this kind which have any given angles 
for their extreme deflexions. Thus let Fig. 16 represent a pattern curve which sinuates between the 
angles 60° one way and 3 x 90° = 270° the other. Then, 


Pp 3 Day. l+m 9 7 67 
2 


7 
30 tepon - Te haley I1-m™ 
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And the curve is p= 


6r m + cos § ( 5 


11° (1+ cos s)?’ 
7 m-+cos § 5 
The curve ¢ = — ————_—__, (m =2) 
2 (1+ m cos s)’ 8 
, ; 8 8 7 F ‘ 
gives the angles of deflection = aaa and - Ai that is, 553° and 240°, which nearly resembles 


the last, and may also be represented by Fig. 16. 


67 m-+coss 


- 1 
The curve may deflect through more than a circumference. Thus if d = ay (E+ ye? 
2 m cos 8) 


7 5 7 8 : =e : 
(m = “) , the greatest deflexions are F and = that is 60° positive, and 360° + 60° negative. 


Hence the curve at 4 and B, Fig. 17, is parallel, at both points making an angle of 60 with @ = 0. 


Such a curve has a loop; C being the place of minimum radius of curvature, the curve opens 
both ways from C. 


Of Diminishing Running-pattern Curves. 


24. If p =sin s° a, where a is a quadrant, we shall have a sinuous curve ; 


And if we make s=1, 4/3, 1/5, 1/7, 4/9, v/11, &c., 
we shall have a series of points of inflexion in the curve. And since these values of s have 
for their differences 


Vf 3-1, f5 — 4/8, SfT—Vf5, f9-W% v/11-/9, ke. 


which are a decreasing series, it is evident that we shall have such a curve as Fig. 18, in which the 
lengths of the curve between the points of inflexion, 4 4’, A” A”, A” A’”’, &c. constantly decrease. 


The same will be the case if @ =p sin s°a. 


If p be large enough, such curves will have loops, like those represented by @ = p sin s. 


‘ 2a was : ‘ . ; 
Thus if @ = en sin s*a, we shall have a curve such as Fig. 19. (See Fig. 12, which 


20 Ct : 
represents = 3 Sip sas to its general form). 


The lengths of the alternate loops will constantly diminish, and the whole curve will occupy a 
triangular space, like a writing-master’s flourish. 


25. We may have a similar flourish, but unsymmetrical, by taking, instead of sin s*a, the 

; m + COS s°a 
expression ——_—_—___—_. 
P (1 +m cos s*a)? 


This will give a figure like Fig. 20, 


Of Circularly-running Pattern Curves. 


‘ rae Mes 
26. If we take the equation @ = p sin ga 
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A A . § A 
we shall have the figure in which a curve such as @ = p sin 3? Tuns along the circumference of a 


circle. 


And in the same manner, by adding to the value of op; in any of the other cases previously given, 
8 ‘ : 
aterm —, we have the equation to the pattern curve there considered, made to run round the 
a 
circumference of a circle. 


A ty os A 
Thus gp = sin 5 + — gives such a figure as Fig. 21; 
a 


7™ m+ cos s s , 
(i > +— such a figure as Fig. 22, 
2 (l+mcoss) a 


: 1 aust 
m being about Bes in Fig. 16. 


27. The radius of the circle round which the pattern runs is less than a, When @ has gone 
through all its values, so that s = 27a, the curve has not been laid along the circumference of the 
circle, but has, besides, followed all the sinuosities of the pattern, 


Of the Catenary and Tractrix. 


28. The intrinsic equations simplify the properties of these curves. 

Fig. 23. Let CO be any are of a Catenary from C the lowest point; OS, CS, tangents, OV 
vertical, meeting CS’; therefore OSV is the triangle of the forces which support the weight of 
CO; and if O be the tension at C, expressed in length of the curve, 


s OV : : 
ie Qe oe OSV, and if OS'V = @, 
s=atan @, 


the equation to the catenary. 


29. For the Tractrix, let PZ’ be the tangent, 47' the fixed line, PN, perpendicular on 
AT = a, tan NPT =p. Then PT = @ ,/1 + p° = ce, a constant, by hypothesis. 


c : dx cp 
/1 +p dp (1+ p 


Hence a = 


d = 
a also (s being now CP,) i BW +p. 
Z v 


d : 
Therefore gals Ee : 
dp 1+p 


But if @ be the angle of deflexion, beginning when the curve is perpendicular to AT’, p = tan @; 


d 
therefore a = sec?p=1+ p’. 


sin P 
cos o 


This is the equation to the evolute. Integrating 


d 
Hence 7 =cp=ctang@=c 


s 


; or cos @ = e7%, 


s=cl 
cos 


the equation to the tractrix. 
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30. It appears in this investigation, that the evolute of the tractrix is the catenary, a well- 


known property. 


General Properties of the Intrinsic Equation. 


31. Given the equation of a curve to rectangular coordinates x, y, to find the intrinsic 


equation. 
Let y = f (x): hence, f’ (v) = Cpe being 0 fi 
eae? : Tigi aan oe ei aes 


Hence 2 is known in terms of tan @. Let # = F (tan @), 


Then a = F’(tan d) x sec* @. 


d 
Also = = cosec dp. 


oe 5 F’ (tan p) 
ence dg = F’ (tan p) . sec P. cosec co) = sin p.cos* 


32. Examp.Les. 1. The Common Parabola. 


@ od 1 
y= 4ar; RY ee ; hence w = a tan’ ¢. 


2 da tan P 
u dx ae 2asing 
ers an d. sec’ = cast ‘ 
1 ds 2 
And ce = .—. Hence — = = 
dv sing dp cos* 


Hence the equation to the evolute of the parabola is s’ = ip 
cos 


The length of the parabola may be found by integrating =a 


2. The Semicubical Parabola. 


2 al 8atan® 
y= ax’, bok yo a te ; hence «= is 
dx 3 a tang Q7 
dx 8a ds 1 ds 8a sing 
— = tan? @ .sec’@; and — = ——; whence — = —. ; 
dp 9 : ? dx ~ sing dp 9 cosh 
the intrinsic equation to the curve. 
5 8a{ 1 
Integrating, we have s = — — 1}. 
27 lcos' p 


8. The Ellipse. 


—————— ‘ 
N= = a — 2 SS) Hence ¢ = —————""—. 
y gu > dx a /ae-a tang J/ a? +b*tan’ p 
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da a°b* tan p. sec? p _ a’ b* sin 
dp ~ (a +b'tan’p)i (a cos*p +b sin’ p)? 
ana @ 1 u ds a bP FPS ere ‘ he elli 
<9 . Hence — = 
An = an ra do @ cos’ + B sin? pe e Intrinsic equation to the e 1pse. 
ab? 


Hence the radius of curvature is 


(a’ cos’ p + b? sin’ p)*” 
When ¢ = 0, this radius is * p beginning at the extremity of the major axis, which was the 
supposition made. 
The intrinsic equation to the evolute of the ellipse is 
, ie eee 
(a cos + b*sin’p)? a 
if s’ begin from a cusp, where = 0. 


U 
e] 


33. Given the intrinsic equation, to find the equation to rectangular coordinates. 


. . oe T 
Let the coordinates x, y, be in the positions ¢ =0, P= >. 


Then it is evident that # = fds .cos g, y = fds.sin p: 


and the equation being given, these coordinates are found by integration. 
Thus in the cycloid, s=a sin @. Hence ds=acos p.dg; 


a =facos p.dg, y= fasin hd cos pdd. Hence, integrating, 
@ *. a 7 : 0 
v= = sin pcos pt =, y= 5 sin’ @: the equation to the cycloid, 


34, In the running-pattern curves (Art. 17, &c.) of which the equation is 


pam sin s, we have af = Mmcos $ = J (mn? s ’) ; as = JF = 


eee cos pip ; sin pdp 
* o = at aqy ad Gee, 


If these could be integrated, we could find the dimensions of the loops in Figures 11, 12, 13. 


There is one case for which Ue taken from @ = 0 to =m is=0. In this case the 
VJ (m*— o') 


curve neither runs forward as in Fig. 11, nor backward as in Fig. 12, but is simply two loops. Fig. 24. 


35. The following proposition, enunciated by John Bernoulli and proved by Euler, may 
easily be proved by means of the intrinsic equation. 


If AB be any curve, AB’ its involute beginning from A, B’ A’ the involute of AB’ beginning 
from B’, A’ B’ the involute of A’ B’ beginning from 4’; and so on alternately and indefinitely : 
the successive involutes approach indefinitely to the form of the common cycloid, provided the tan- 
gents at A and B in the original curve are perpendicular to each other. 


(The proof of this is here omitted, being included in the proof of the extended propositions 
given in the Additional Note.) 
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36. The following proposition may be proved by the intrinsic equation. 

Fig. 25. Let any curve be evolved, and its involute evolved, and the involute of that evolved, and 
so on, beginning always the evolution with a rectilinear tail, Ad’, extending beyond the curve, 
and all these tails being equal. The curve tends continually to the form of the equiangular spiral. 


, 


Let s, s’, 8”, 8’, &c. be the successive curves, @ the angle, which is the same for all, be- 
ginning from 0 for each, And let each of the tails 44’, A’A”, A”A”’', &e. =a. 


Let s = a, + ap’ + a,p° + &c., which may express any curve. 


Then = [(a+s)dp =ap+ 2 gi+ = gi+ gt 4 &e. 


8” = f(at+s') dp 


a a a. 
ap + — g + — $4 — = o1+ &e. 
Wet Zed 3.4 


a a, 
le ae Q Ay ase f+ be. 


mr ” 
s =/(at s")dp =ap+ — 
And as the operation goes on, the terms in @,, a, as, &c. being divided by the factorials 2.3. 4, 


&c. indefinitely, may be neglected as to their influence on the curve. Therefore ultimately 
2 3 
a 


a 4 
ara tg ange gk chal oper 


which is (Art. 7) the equation to the equiangular spiral. 


Of course, from the nature of the construction, the curvature of the original curve is throughout 
towards the same side*, 


Additional Note to a Memoir on the Intrinsic Equation of Curves. 


Trinity Coiiece, April 12, 1849. 


In the Memoir on the Intrinsic Equation of Curves, I gave a proof of the following Proposi- 
tion, which was enunciated by John Bernoulli, and demonstrated by Euler. (Novi Comm. Petrop. 
Tom. x.) 

Fig. 26 and 27. If AB be any curve, 4B’ its invyolute beginning from A, B’d’ the involute 
of AB’ beginning from B’, A’B" the involute of 4’B’, beginning from 4’; and so on, alternately 
and indefinitely : the successive involutes approach indefinitely to the form of the common cycloid, 
provided the tangents at A and B in the original curve are perpendicular to each other. 

The question naturally offers itself, What is the curve to which the successive involutes tend, if 
the original curve do not conform to the condition above stated, that the total deflexion is a right 
angle ? 

I am now able to state that in that case the curve will be an epicycloid or a hypocycloid as the 
total deflexion is greater or less than a right angle. 


“ Also it is necessary, as has been remarked to me, that the ) ginal curve, or any of its evolutes in infinitum. For if it were, 
point where @=0, is not a point of contrary flexure from the ori- | some of the quantities a,, a2, &c. would be infinite, 
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The proof of this extension of Bernoulli’s proposition easily follows from the mode of repre- 
senting curves by their Intrinsic Equation, namely, the equation between the tangent and the 
deflexion. 

Let AOB be any curve, and let the tangents at A and at B make with each other any angle 
ma, a being a right angle, ‘ 

Let APB’, B'O'A’, A’P’B’, B’O"A’, &c. be the successive involutes, beginning alternately at 
opposite ends. : 

Let AB’=b,, A’B’= b., &c. the whole arcs of the alternate involutes. 


Let the intrinsic equation to AOB be 


a 
ee 2 2 3 3 c , say 
s=Qpt ie p+ masa + &c., which may express any curve. 

Hence 4P=t a p+ S p+ zs + & 
= t, = —— —— (cF 
ease 123 1.2.3.4? 
a, a Qs 


And B’P = b, - 


ye 2 Cy eee atta a 
Ter rer aevalye Gace 


. 40 =8,= [ PO'.dp = [B'P.d¢, beginning from @ = 0 at A’; 


3 
SUS ap — = Gt &e, 


a es pees eee, 
In like manner, if 4’P’ =¢,, A’O” =8,, &c. 
a, 


4 
—_—_— Ke. 
Teor 


b, 
lore i as 


8 = b, 


rw 


b, 3 a 5 
Pinar oma Saar eran tape 


be b, 4 ay 


= ee — 6 L 
a fe Tangea © Tauern oe 


a, 


d y : ° 7 & 
———— h LC. 
ate Pitre so hud Gum 


2n+1 xb &e 


persia On fee eS 
‘ 1.2.8 iaeael ; 
Now as m becomes larger, the terms in a, a,, &c. which have for denominators the factorials 
1.2.3...(m —1) &c. become smaller and smaller, and thus the are s, depends less and less upon 
the form of the original are 4OB, Hence we may ultimately omit those terms. 
Of the ares ¢,, ¢,,... ¢,, each vanishes when @ = 0; and when @ = ma, they become respectively 
b,, b,,.+.b,. Hence, by the expression for ¢,, ultimately 


a, 
* Tent & 


m a? mba 
-1 = -2 
1.2 . 


ba Os +b, s-——, - &e. 


Laaec et 

This expresses a relation among the successive arcs, b,, b., b;.-. b,, which relation, it appears, 
is ultimately independent of the form of the curve AB. But since a is a quadrant, and cosa = 0, 
we have 
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2 at 6 
C=] — ——-+ - + &e. 
oe) Winsee & eect: 
whence 
2 n 6 
a a a 
6, = 6 — b,—— + ,- — &c. 
al. ..2anG bh scares VG 


Hence the necessary relation among b,, 6,, b;, &c. is satisfied if 


id = 6 = 2 
On Sl = TO ar = EO oc = Le nee 


1 
Das b, -2= b,, b,-3 = —b,, &e. 
m 


raarh 1 
that is, if 6,_,= — = 
m m 


Hence we have, by the expression for s,, ultimately, 


This is the equation to an epicycloid, if m>1,; and to an hypocycloid, if m <1. 


If A and B be the radius of the globe and wheel of the epicycloid ; 


4B(4+B). A 
Geni Sin heed eee 
4+2B B m-1 
Hence m= oo = = 
A A 2 


: 4B(A-B)., A 
For the hypocycloid, s = 7A sin Faw: - 


A-2B. B_i-m 
AD Gitar We sionh 


Hence m= 


In the figures, the angle ACB = (m — 1) a, when m>1: 


ACB =(1-—™m)a, when m <1. 
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L. On the Variation of Gravity at the Surface of the Earth, By G. G. Sroxes, M.A., 
Fellow of Pembroke College, Cambridge. 


Read April 23, 1849. 
I > 


On adopting the hypothesis of the earth’s original fluidity, it has been shewn that the surface 
ought to be perpendicular to the direction of gravity, that it ought to be of the form of an oblate 
spheroid of small ellipticity, having its axis of figure coincident with the axis of rotation, and that 
gravity ought to vary along the surface according to a simple law, leading to the numerical relation 
between the ellipticity and the ratio between polar and equatoreal gravity which is known by the 
name of Clairaut’s Theorem. Without assuming the earth’s original fluidity, but merely supposing 
that it consists of nearly spherical strata of equal density, and observing that its surface may be 
regarded as covered by a fluid, inasmuch as all observations relating to the earth’s figure are reduced 
to the level of the sea, Laplace has established a connexion between the form of the surface and 
the variation of gravity, which in the particular case of an oblate spheroid agrees with the connexion 
which is found on the hypothesis of original fluidity. The object of the first portion of this paper 
is to establish this general connexion without making any hypothesis whatsoever respecting the 
distribution of matter in the interior of the earth, but merely assuming the theory of universal 
gravitation. It appears that if the form of the surface be given, gravity is determined throughout 
the whole surface, except so far as regards one arbitrary constant which is contained in its com- 
plete expression, and which may be determined by the value of gravity at one place. Moreover 
the attraction of the earth at all external points of space is determined at the same time; so that 
the earth’s attraction on the moon, including that part of it which is due to the earth’s oblateness, 
and the moments of the forces of the sun and moon tending to turn the earth about an equatoreal 
axis, are found quite independently of the distribution of matter within the earth, 


The near coincidence between the numerical values of the earth’s ellipticity deduced independ- 
ently from measures of ares, from the lunar inequalities which depend on the earth’s oblateness, 
and, by means of Clairaut’s Theorem, from pendulum experiments, is sometimes regarded as a 
confirmation of the hypothesis of original fluidity. It appears, however, that the form of the surface 
(which is supposed to be a surface of equilibrium,) suffices to determine both the variation of gravity 
and the attraction of the earth on an external particle*, and therefore the coincidence in question, 
being a result of the law of gravitation, is no confirmation of the hypothesis of original fluidity. 
The evidence in favour of this hypothesis which is derived from the figure and attraction of the 
earth consists in the perpendicularity of the surface to the direction of gravity, and in the cireum- 
stance that the surface is so nearly represented by an oblate spheroid having for its axis the axis 
of rotation. A certain degree of additional evidence is afforded by the near agreement between 


* It has been remarked by Professor O’Brien, (Mathematical | If we have given the component of the attraction of any mass, 
Tracts, p. 56) that if we have given the form of the earth’s sur- | however irregular as to its form and interior constitution, in a di- 
face and the variation of gravity, we have data for determining | rection perpendicular to the surface, throughout the whole of the 
the attraction of the earth on an external particle, the earth being | surface, we have data for determining the attraction at every ex- 
supposed to consist of nearly spherical strata of equal density ; so | ternal point, as well as the components of the attraction at the 
that the motion of the moon furnishes no additional confirmation | surface in two directions perpendicular to the normal. The corre- 
of the hypothesis of original fluidity. | sponding proposition in Fluid Motion is self-evident. 
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the observed ellipticity and that calculated with an assumed law of density which is likely @ priori 
to be not far from the truth, and which is confirmed, as to its general correctness, by leading to a 
value for the annual precession which does not much differ from the observed value. 


Since the earth’s actual surface is not strictly a surface of equilibrium, on account of the ele- 
vation of the continents and islands above the sea level, it is necessary to consider in the first 
instance in what manner observations would have to be reduced in order to render the preceding 
theory applicable. It is shewn in Art. 13 that the earth may be regarded as bounded by a surface 
of equilibrium, and therefore the expressions previously investigated may be applied, provided the 
sea level be regarded as the bounding surface, and observed gravity be reduced to the level of the 
sea by taking account only of the change of distance from the earth’s centre. Gravity reduced in 
this manner would, however, be liable to vary irregularly from one place to another, in consequence 
of the attraction of the land between the station and the surface of the sea, supposed to be prolonged 
underground, since this attraction would be greater or less according to the height of the station 
above the sea level. In order therefore to render the observations taken at different places com- 
parable with one another, it seems best to correct for this attraction in reducing to the level of the 
sea; but since this additional correction is introduced in violation of the theory in which the earth’s 
surface is regarded as one of equilibrium, it is necessary to consider what effect the habitual neglect 
of the small attraction above mentioned produces on the values of mean gravity and of the ellipticity 
deduced from observations taken at a number of stations. These effects are considered in Arts. 
i718, 


Besides the consideration of the mode of determining the values of mean gravity, and 
thereby the mass of the earth, and of the ellipticity, and thereby the effect of the earth's 
oblateness on the motion of the moon, it is an interesting question to consider whether the 
observed anomalies in the variation of gravity may be attributed wholly or mainly to the 
irregular distribution of land and sea at the surface of the earth, or whether they must be 
referred to more deeply seated causes. In Arts. 19, 20, I have considered the effect of the excess of 
matter in islands and continents, consisting of the matter which is there situated above the actual 
sea level, and of the defect of matter in the sea, consisting of the difference between the mass 
of the sea, and the mass of an equal bulk of rock or clay. It appears that besides the attrac- 
tion of the land lying immediately underneath a continental station, between it and the level of 
the sea, the more distant portions of the continent cause an increase in gravity, since the attraction 
which they exert is not wholly horizontal, on account of the curvature of the earth. But besides 
this direct effect, a continent produces an indirect effect on the magnitude of apparent gravity. 
For the horizontal attraction causes the verticals to point more inwards, that is, the zeniths to 
be situated further outwards, than if the continent did not exist; and since a level surface is 
everywhere perpendicular to the vertical, it follows that the sea level on a continent is higher than 
it would be at the same place if the continent did not exist. Hence, in reducing an observation 
taken at a continental station to the level of the sea, we reduce it to a point more distant from 
the centre of the earth than if the continent were away; and therefore, on this account alone, 
gravity is less on a continent than on an island. It appears that this latter effect more than 
counterbalances the former, so that on the whole, gravity is less on a continent than on an island, 
especially if the island be situated in the middle of an ocean. This circumstance has already 
been noticed as the result of observation. In consequence of the inequality to which gravity is 
subject, depending on the character of the station, it is probable that the value of the ellipticity 
which Mr, Airy has deduced from his discussion of pendulum observations is a little too great, on 
account of the decided preponderance of oceanic stations in low latitudes among the group of 
stations where the observations were taken. 


The alteration of attraction produced by the excess and defect of matter mentioned in the 
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preceding paragraph does not constitute the whole effect of the irregular distribution of land and 
sea, since if the continents were cut off at the actual sea level, and the sea were replaced by rock 
and clay, the surface so formed would no longer be a surface of equilibrium, in consequence of 
the change produced in the attraction. In Arts 25—27, I have investigated an expression for the 
reduction of observed gravity to what would be observed if the elevated solid portions of the 
earth were to become fluid, and to run down, so as to form a level bottom for the sea, which in 
that case would cover the whole earth, The expressions would be very laborious to work out 
numerically, and besides, they require data, such as the depth of the sea in a great many places, 
&c., which we do not at present possess; but from a consideration of the general character of the 
correction, and from the estimation given in Art. 21 of the magnitude which such corrections are 
likely to attain, it appears probable that the observed anomalies in the variation of gravity are 
mainly due to the irregular distribution of land and sea at the surface of the earth. 


1. Conceive a mass whose particles attract each other according to the law of gravitation, and 
are besides acted on by a given force f, which is such that if X, Y, Z be its components along 
three rectangular axes, Ydw + Ydy + Zdz is the exact differential of a function U of the co- 
ordinates. Call the surface of the mass §, and let V be the potential of the attraction, that is 
to say, the function obtained by dividing the mass of each attracting particle by its distance from 
the point of space considered, and taking the sum of all such quotients. Suppose S' to be a 
surface of equilibrium. The general equation to such surfaces is 


[AEST OP NRE SOC CE coon Cl) 
where ¢ is an arbitrary constant; and since § in included among these surfaces, equation (1) 
must be satisfied at all points of the surface S, when some one particular value is assigned to ec. 


For any point external to §, the potential V satisfies, as is well known, the partial differential 
equation 


Vs GEV: A a 
Hat hayes aes wi Opis eee 


and evidently V cannot become infinite at any such point, and must vanish at an infinite distance 
from §. Now these conditions are sufficient for the complete determination of the value of V for 
every point external to S, the quantities U and c being supposed known. The mathematical 
problem is exactly the same as that of determining the permanent temperature in a homogeneous 
solid, which extends infinitely around a closed space JS, on the conditions, (1) that the temperature 
at the surface § shall be equal to c— U, (2) that it shall vanish at an infinite distance. This 
problem is evidently possible and determinate. The possibility has moreover been demonstrated 
mathematically. 


If U alone be given, and not ec, the general value of V will contain one arbitrary constant, 
which may be determined if we know the value of V, or of one of its differential coefficients, at 
one point situated either in the surface S or outside it. When V is known, the components 
of the force of attraction will be obtained by mere differentiation. 


Nevertheless, although we know that the problem is always determinate, it is only for a very 
limited number of forms of the surface § that the solution has hitherto been effected. The 
most important of these forms is the sphere. When SS’ has very nearly one of these forms the 
problem may be solved by approximation. 


2. Let us pass now to the particular case of the earth. Although the earth is really 
revolving about its axis, so that the bodies on its surface are really describing circular orbits 
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about the axis of rotation, we know that the relative equilibrium of the earth itself, or at least 
its crust, and the bodies on its surface, would not be affected by supposing the crust at rest, 
provided that we introduce, in addition to the attraction, that fictitious force which we call the 
centrifugal force. The vertical at any place is determined by the plumb-line, or by the surface 
of standing fluid, and its determination is therefore strictly a question of relative equilibrium. 
The intensity of gravity is determined by the pendulum; but although the result is not 
mathematically the same as if the earth were at rest and acted on by the centrifugal force, the 
difference is altogether insensible. It is only in consequence of its influence on the direction 
and magnitude of the force of gravity that the earth’s actual motion need be considered at all in 
this investigation: the mere question of attraction has nothing to do with motion; and the results 
arrived at will be equally true whether the earth be solid throughout or fluid towards the centre, 
even though, on the latter supposition, the fluid portions should be in motion relatively to the 
crust, 


We know, as a matter of observation, that the earth’s surface is a surface of equilibrium, if 
the elevation of islands and continents above the level of the sea be neglected. Consequently the 
law of the variation of gravity along the surface is determinate, if the form of the surface be 
given, the force f of Art. 1 being in this case the centrifugal force. The nearly spherical form 
of the surface renders the determination of the variation easy. 


3. Let the earth be referred to polar co-ordinates, the origin being situated in the axis of 
rotation, and coinciding with the centre of a sphere which nearly represents the external surface. 
Let r be the radius vector of any point, @ the angle between the radius vector and the northern 
direction of the axis, @ the angle which the plane passing through these two lines makes with a 
plane fixed in the earth and passing through the axis. Then the equation (2) which V has to 
satisfy at any external point becomes by a common transformation 


@ .rV 1 5 (si 0) reer " 
——— = n — ———— — SS 
dr *sinddd\" dd) * simOdg¢? 
2 
Let w be the angular velocity of the earth; then U = ~ r*sin’@, and equation (1) becomes 


~ 


r 


w Ali 
V + — PSin'O = Cy seesescroeseseeceee seers Sadiceae ene (4) 


~ 


which has to be satisfied at the surface of the earth. 


For a given value of r, greater than the radius of the least sphere which can be described 
about the origin as centre so as to lie wholly without the earth, V can be expanded in a series 
of Laplace’s coefficients 

Vr + Vi + Ve + ---5 
and therefore in general, provided r be greater than the radius of the sphere above mentioned, 
V can be expanded in such a series, but the general term V,, will be a function of r, as well as of 
@ and @. Substituting the above series in equation (3), and observing that from the nature of 
Laplace’s coefficients 


: ud. (sio 0 


sind dé = — Feet) Va case cnce seen) 


dV, i @V. 
eal " sin’@ d@* 
we get 


sr — —n(n + a = 0, 


where all integral values of n from 0 to x are to be taken. 
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Now the differential coefficients of V, with respect to r are Laplace's coefficients of the n™ 
order as well as J’, itself; and since a series of Laplace’s coefficients cannot be equal to zero unless 
the Laplace’s coefficients of the same order are separately equal to zero, we must have 

a@.rV, 


Pat a (GUD) VF =O ce cat eats olacts 


The integral of this equation is 


Preiss (3) 


6 
V z= peti + Z,Y > 
where Y,, and Z, are arbitrary constants so far as r is concerned, but contain @ and gp. Since these 
functions are multiplied by different powers of r, V,, cannot be a Laplace’s coefficient of the n™ 
order unless the same be true of Y,, and Z,. We have for the complete value of V 


Me ely Cae ale aie aeereee 
r r vied 
Now V vanishes when r = ~, which requires that Z,=0, Z, = 0, &c.; and therefore 
My Vor he 
= = a - + oF “Taleo eieieis kisiv\cloleleleia pisleleisinlvele (7) 


4. The preceding equation will not give the value of the potential throughout the surface of 
a sphere which lies partly within the earth, because although V, as well as any arbitrary but finite 
function of @ and @, can be expanded in a series of Laplace’s coefficients, the second member of 
equation (3) is not equal to zero in the case of an internal particle, but to — 477", where p is the 
density. Nevertheless we may employ equation (7) for values of r corresponding to spheres which 
lie partly within the earth, provided that in speaking of an internal particle we slightly change the 
signification of V, and interpret it to mean, not the actual potential, but what would be the poten- 
tial if the protuberant matter were distributed within the least sphere which cuts the surface, in 
such a manner as to leave the potential unchanged throughout the actual surface. The possibility 
of such a distribution will be justified by the result, provided the series to which we are led prove 
convergent. Indeed, it might easily be shewn that the potential at any internal point near the 
surface differs from what would be given by (7) by a small quantity of the second order only ; 
but its differential coefficient with respect to r, which gives the component of the attraction along 
the radius vector, differs by a small quantity of the first order. We do not, however, want the 
potential at any point of the interior, and in fact it cannot be found without making some hypo- 
thesis as to the distribution of the matter within the earth. 


5. It remains now to satisfy equation (4). Let r = a (1 + w) be the equation to the earth’s 
surface, where w is a small quantity of the first order, a function of @ and @. Let wu be expanded 
in a series of Laplace’s coefficients wu) + uw, +.... The term zw, will vanish provided we take for a the 
mean radius, or the radius of a sphere of equal volume. We may, therefore, take for the equation 
to the surface 


7 = (Mita thy Fal Gee) va eiewece deeeiseceeceaes a(S) 


If the surface were spherical, and the earth had no motion of rotation, V would be independent 
of @ and @, and the second member of equation (7) would be reduced to its first term. Hence, 
since the centrifugal force is a small quantity of the first order, as well as w, the succeeding terms 
must be small quantities of the first order; so that in substituting in (7) the value of r given by 
(8) it will be sufficient to put r =a in these terms. Since the second term in equation (4) is a 
small quantity of the first order, it will be sufficient in that term likewise to put r=a. We thus 
get from (4), (7), and (8), omitting the squares of small quantities, 
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YG | al ee wa 
— (1-4, -um-— U;...) to cep trig ers) ta wieopate 
a a a 


SINS Top Ge oene cas (@)) 


The most general Laplace’s coefficient of the order 0 is a constant; and we have 
sin’@ = 2 + (4 — cos"), 
of which expression the two parts are Laplace’s coefficients of the orders 0, 2, respectively. We 
thus get from (9), by equating to zero Laplace’s coefficients of the same order, 
Y, = ac - 40a, 
Vara Vitis 
Y, = a Y,u, — $w°a® (4 — cos* 8), 
Yai= a? Yous.) cee 


The first of these equations merely gives a relation between the arbitrary constants Y, and c; 
the others determine Y,, Y., &c.; and we get by substituting in (7) 


2 275 
Vale (- + - u + = Us + =| = = (5 = cos76).....--20000. (10) 

6. Let g be the force of gravity at any point of the surface of the earth, dm an element of 
the normal drawn outwards at that point; then g = i= (V+U). Let W be the angle between 
the normal and the radius vector; then gcosy, is the resolved part of gravity along the radius 


; : d 
vector, and this resolved part is equal to — ae (V+ U). Now wis a small quantity of the first 
L 9° 


order, and therefore we may put cos Wy = 1, which gives 
d 
—— V U 5 
g ae iD 


where, after differentiation, 7 is to be replaced by the radius vector of the surface, which is given by 
(8). We thus get 
1 


g= = (1 — 2u, — 2u, — 2Uz...) + 7 (2w, + 3us + 4us...) — Zw*a (4 — cos*O) — w*a (2 + 4 — cos*6), 


which gives, on putting 


and neglecting squares of small quantities, 
g = G {1- 8m (4 — cos’) + uy + Qty + Sty 2. }. weeveeeee (12) 


In this equation G is the mean value of g taken throughout the whole surface, since we know 
wT plo 3 ' $ 
that if u, sin@dOdq = 0, if m be different from zero. The second of equations (11) shews 
0 0 


that m is the ratio of the centrifugal force at a distance from the axis equal to the mean distance to 
mean gravity, or, which is the same, since the squares of small quantities are neglected, the ratio 
of the centrifugal force to gravity at the equator. Equation (12) makes known the variation of 
gravity when the form of the surface is given, the surface being supposed to be one of equilibrium ; 
and, conversely, equation (8) gives the form of the surface if the variation of gravity be known. 
It may be observed that on the latter supposition there is nothing to determine w,. The most 
general form of w, is 
asin 8 cosd + sin @ sin @ + ¥ cos @, 
Vor, VEL. Part V- 4S 
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where a, 3, y are arbitrary constants; and it is very easy to prove that the co-ordinates of the 
centre of gravity of the volume are equal to aa, a3, avy respectively, the line from which @ is 
measured being taken for the axis of », and the plane from which @ is measured for the plane of 
wz. Hence the term w, in (8) may be made to disappear by taking for origin the centre of gravity 
of the volume. It is allowable to do this even should the centre of gravity fall a little out of the 
axis of rotation, because the term involving the centrifugal force, being already a small quantity 
of the first order, would not be affected by supposing the origin to be situated a little out of 
the axis. 

Since the variation of gravity from one point of the surface to another is a small quantity of 
the first order, its expression will remain the same whether the earth be referred to one origin or 
another nearly coinciding with the centre, and therefore a knowledge of the variation will not 
inform us what point has been taken for the origin to which the surface has been referred. 


7. Since the angle between the vertical at any point and the radius vector drawn from the 
origin is a small quantity of the first order, and the angles @, @ occur in the small terms only of 
equations (8), (10), and (12), these angles may be taken to refer to the direction of the vertical, 
instead of the radius vector. 


8. If E be the mass of the earth, the potential of its attraction at a very great distance r is 
ultimately equal to —. Comparing this with (10), we get Y,= E, and therefore, from the first 
= 


of equations (11), 
E=Ga+200=Ga(1+3m),...... (13) 
which determines the mass of the earth from the value of G determined by pendulum experiments. 


9. If we suppose that the surface of the earth may be represented with sufficient accuracy by 
an oblate spheroid of small ellipticity, having its axis of figure coincident with the axis of rotation, 
equation (8) becomes 

r=a{1+e(4 — cos’@)},....-..2--0242- (14) 


where ¢ is a constant which may be considered equal to the ellipticity. We have therefore in this 


case U, = 0, u, = 4 — cos” 0, uw, = 0 when m > 2; so that (12) becomes 


g = G {1 - (m —.«) (4 — cos’ @)},..........-----(15) 
which equation contains Clairaut’s Theorem. It appears also from this equation that the value of 
G which must be employed in (13) is equal to gravity at a place the square of the sine of whose 
latitude is 4. 


10. Retaining the same supposition as to the form of the surface, we get from (10), on 
replacing Y, by E, and putting in the small term at the end w°a° =m Ga‘ = m Ea’, 


7 2 


E 
Ve= > +- 3m) _ at ACOS AO) sesteiierse ees (16) 


Consider now the effect of the earth’s attraction on the moon. he attraction of any particle 
of the earth on the moon, and therefore the resultant attraction of the whole earth, will be very 
nearly the same as if the moon were collected at her centre. Let therefore 7 be the distance of the 
centre of the moon from that of the earth, @ the moon’s North Polar Distance, P the accelerating 
force of the earth on the moon resolved along the radius vector, Q the force perpendicular to the 
radius vector, which acts evidently in a plane passing through the earth’s axis; then 

dV dV 
aig HO ig? 
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whence we get from (16) 


: Ea 


E Ao 
cr Cae) = (} - c0s'@), Q = 2(c- 4m) 


sin\@'cos @:....-. (17) 


7 
The moving forces arising from the attraction of the earth on the moon will be obtained by 
multiplying by M, where M denotes the mass of the moon; and these are equal and opposite to 
the moving forces arising from the attraction of the moon on the earth. The component MQ of 
the whole moving force is equivalent to an equal and parallel force acting at the centre of the earth 
and a couple. The accelerating forces acting on the earth will be obtained by dividing by E; and 
since we only want to determine the relative motions of the moon and earth, we may conceive equal 
and opposite accelerating forces applied both to the earth and to the moon, which comes to the 
same thing as replacing E by E + M in (17). If K be the moment of the couple arising from the 
attraction of the moon, which tends to turn the earth about an equatoreal axis, K = MQr, whence 
MEd’ 


rh 


sin 9 cos @....... (18) 


K =2(e—4m) 


The same formula will of course apply, mutatis mutandis, to the attraction of the sun. 

11. The spheroidal form of the earth’s surface, and the circumstance of its being a surface of 
equilibrium, will afford us some information respecting the distribution of matter in the interior. 
Denoting by a’, y’, x’ the co-ordinates of an internal particle whose density is p', and by a, y, x 
those of the external point of space to which V refers, we have 


‘da’ dy dx’ 
an SSf \(7 - wv’)? : re a + (x = = )2ta” 


the integrals extending throughout the interior of the earth. Writing dm’ for p’ da’ dy’ dz’, 
putting A,.u, vy for the direction-cosines of the radius vector drawn to the point (#, y, x), so that 
wv =r, y=pr, & = vr, and expanding the radical according to inverse powers of r, we get 


1 , rr Ul , 1 ° ref fe , 3 an , , 
V =~ ff{fdm + BA iffe dm er = (3d? — 1) [ffa* dm + = Edu fffa'y dm’ + ...(19) 


= denoting the sum of the three expressions necessary to form a symmetrical function. Comparing 
this expression for V with that given by (10), which in the present case reduces itself to (16), we 
get Y, = [{/dm' = E, as before remarked, and 
[ffa' dm’ = 0, ff fy dm! = 0, ffx’ dm!’ = 0,......00.-c0+ee20000-(20) 
4S (8A? - 1) f[ffa"?dm' +3 Edu fffa'y'dm' = (ce - 5m) Ea* (3 — cos’ @);......(21) 
together with other equations, not written down, obtained by equating to zero the coefficients of 


a5 &e. in (19). 

Equations (20) shew that the centre of gravity of the mass coincides with the centre of gravity 
of the volume. In treating equation (21), it is to be remarked that A, «x, v are not independent, but 
connected by the equation \? + 4? +»? =1. If now we insert \* + u° + v* as a coefficient in each 
term of (21) which does not contain A, a, or vy, the equation will become homogeneous with respect to 
X, 2, ”, and will therefore only involve the two independent ratios which exist between these three 
quantities, and consequently we shall have to equate to zero the coeflicients of corresponding powers 
of \, 4, v. By the transformation just mentioned, equation (21) becomes, since cos 6 = », 

TV’ - ae a) 41”) [[fe? dm! + 3>Xuyu fffa'y'dm’ = (e- 4m) Ed (4? + 4y° - $y°) : 
and we get 
iifja'g'di —0,, fffys dm! = 0, [ffr'a'dm! = 0; casmcneeueanaeeaccss sop 2 csiontt---1- 25, (22) 
[[fetdm’ — 3 fffy?dm! — $f ffx2%dm' = fffy?dm’ -L fffx"dm' - ae (23) 
= -4f[fx*dm' +4fffa%dm' + }ffly°dm’ = ie -4m) Ea’. faa apes 
452 
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Equations (22) shew that the co-ordinate axes are principal axes. Equations (23) give in 


the first place 
{lua fffydm, 


which shews that the moments of inertia about the axes of # and y are equal to each other, as might 
have been seen at once from (22), since the principal axes of wv and y are any two rectangular axes 
in the plane of the equator. The two remaining equations of the system (23) reduce themselves to 
one, which is 
[ffe°dm’ — ff [x?dm' = 2(¢ — $m) Ea’. 
If we denote the principal moments of inertia by A, 4, C, this equation becomes 
C—-A=2(e —Em) HO’, .......2.20220-- ARB Ber So Ne (24) 

which reconciles the expression for the couple K given by (18) with the expression usually given, 


which involves moments of inertia, and which, like (18), is independent of any hypothesis as to the 
distribution of the matter within the earth. 


It should be observed that in case the earth be not solid to the centre the quantities 4, C must 
be taken to mean what would be the moments of inertia if the several particles of which the earth 
is composed were rigidly connected. 


12. In the preceding article the surface has been supposed spheroidal. In the general case of 
an arbitrary form we should have to compare the expressions for V given by (10) and (19). In the 
first place it may be observed that the term w, can always be got rid of by taking for origin the 
centre of gravity of the volume. Equations (20) shew that in the general case, as well as in the 
particular case considered in the last article, the centre of gravity of the mass coincides with the 
centre of gravity of the volume. 


Now suppress the term w, in , and let «= w’ + wv’, where u” = 4m(+- cos’). Then wv’ may 
be expanded in a series of Laplace’s coefficients w’, + uw’, +.-.; and since Y, = EF, equation (10) will 
be reduced to 


2 3 
V=E (-+5 why oases seascape EB) 
pag * 

If the mass were collected at the centre of gravity, the second member of this equation would 
be reduced to its first term, which requires that w’, = 0, u’,;= 0, &c. Hence (8) would be reduced 
to r=a(1 +"), and therefore aw” is the alteration of the surface due to the centrifugal force, and 
au’ the alteration due to the difference between the actual attraction and the attraction of a sphere 
composed of spherical strata. Consider at present only the term w’, of w’. From the general form 
of Laplace’s coefficients it follows that aw’, is the excess of the radius vector of an ellipsoid not much 
differing from a sphere over that of a sphere having a radius equal to the mean radius of the ellipsoid. 
If we take the principal axes of this ellipsoid for the axes of co-ordinates, we shall have 


w’, = & (4 — sin’ @ cos’) + (4 — sin’ Asin? pd) + (4 — cos’ 4), 
e,e ,e” being three arbitrary constants, and 0, @ denoting angles related to the new axes of 2, y, x 
in the same way that the angles before denoted by 0, @ were related to the old axes. Substituting 
the preceding expression for w’, in (25), and comparing the result with (19), we shall again obtain 
equations (22). Consequently the principal axes of the mass passing through the centre of gravity 
coincide with the principal axes of the ellipsoid. It will be found that the three equations which 
replace (23) are equivalent to but two, which are 
A-8'Ed = B - 3¢’Ea = C - 2¢" Ea’, 

where 4, B, C denote the principal moments. 


The permanence of the earth’s axis of rotation shews however that one of the principal axes of 
the ellipsoid coincides, at least very nearly, with the axis of rotation; although, strictly speaking, this 
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conclusion cannot be drawn without further consideration except on the supposition that the earth 
is solid to the centre. If we assume this coincidence, the term e”’(4 — cos’ 4) will unite with the 
_term w” due to the centrifugal force. Thus the most general value of w is that which belongs to an 
ellipsoid having one of its principal axes coincident with the axis of rotation, added to a quantity 
which, if expanded in a series of Laplace's coefficients, would furnish no terms of the order 0, 1, or 2. 


It appears from this and the preceding article that the coincidence of the centres of gravity of the 
mass and volume, and that of the axis of rotation and one of the principal axes of the ellipsoid whose 
equation is r=a(1+2,), which was established by Laplace on the supposition that the earth consists of 
nearly spherical strata of equal density, holds good whatever be the distribution of matter in the interior. 


* 13. Hitherto the surface of the earth has been regarded as a surface of equilibrium. This we 

know is not strictly true, on account of the elevation of the land above the level of the sea. The 

question now arises, By what imaginary alteration shall we reduce the surface to one of equilibrium? 
= 


Now with respect to the greater portion of the earth’s surface, which is covered with water, we 
have a surface of equilibrium ready formed. The expression level of the sea has a perfectly definite 
meaning as applied to a place in the middle of a continent, if it be defined to mean the level at 
which the sea-water would stand if introduced by a canal. The surface of the sea, supposed to be 
prolonged in the manner just considered, forms indeed a surface of equilibrium, but the preceding 
investigation does not apply directly to this surface, inasmuch as a portion of the attracting matter 
lies outside it. Conceive however the land which lies above the level of the sea to be depressed till 
it gets below it, or, which is the same, conceive the land cut off at the level of the sea produced, 
and suppose the density of the earth or rock which lies immediately below the sea-level to be in- 
creased, till the increase of mass immediately below each superficial element is equal to the mass 
which has been removed from above it. The whole of the attracting matter will thus be brought 
inside the original sea-level; and it is easy to see that the attraction at a point of space external to 
the earth, even though it be close to the surface, will not be sensibly affected. Neither will the 
sea-level be sensibly changed, even in the middle of a continent. For, suppose the sea-water intro- 
duced by a pipe, and conceive the land lying above the sea-level condensed into an infinitely thin 
layer coinciding with the sea-level. The attraction of an infinite plane on an external particle does 
not depend on the distance of the particle from the plane; and if a line be drawn through the 
particle inclined at an angle a to the perpendicular let fall on the plane, and be then made to revolve 
around the perpendicular, the resultant attraction of the portion of the plane contained within the 
cone thus formed will be to that of the whole plane as versina to 1. Hence the attraction of a 
piece of table-land on a particle close to it will be sensibly the same as that of a solid of equal 
thickness and density comprised between two parallel infinite planes, and that, even though the 
lateral extent of the table-land be inconsiderable, only equal, suppose. to a small multiple of the 
length of a perpendicular let fall from the attracted particle on the further bounding plane. Hence 
the attraction of the land on the water in the tube will not be sensibly altered by the condensation we 
have supposed, and therefore we are fully justified in regarding the level of the sea as unchanged. 


The surface of equilibrium which by the imaginary displacement of matter just considered has 
also become the bounding surface, is that surface which at the same time coincides with the surface 
of the actual sea, where the earth is covered by water, and belongs to the system of surfaces of 
equilibrium which lie wholly outside the earth. To reduce observed gravity to what would have 
been observed just above this imaginary surface, we must evidently increase it in the inverse ratio 
of the square of the distance from the centre of the earth, without taking account of the attraction 
of the table-land which lies between the level of the station and the level of the sea. The question 
now arises, How shall we best determine the numerical value of the earth’s ellipticity, and how 
best compare the form which results from observation with the spheroid which results from theory 
on the hypothesis of original fluidity ? 
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14. Before we consider how the numerical value of the earth’s ellipticity is to be determined, 
it is absolutely necessary that we define what we mean by ellipticity ; for, when the irregularities of 
the surface are taken into account, the term must be to a certain extent conventional. 


Now the attraction of the earth on an external body, such as the moon, is determined by the 
function V, which is given by (10). In this equation, the term containing r~* will disappear if r 
be measured from the centre of gravity; the term containing r~*, and the succeeding terms, will 
be insensible in the case of the moon, or a more distant body. The only terms, therefore, after 
the first, which need be considered, are those which contain r~°. Now the most general value of w, 
contains five terms, multiplied by as many arbitrary constants, and of these terms one is 4 — cos? 0, 
and the others-eontain as a factor the sine or cosine of @ or of 2 @. The terms containing sin @ or 
cos q, will disappear for the reason mentioned in Art. 12; but even if they did not disappear their 
effect would be.wholly-insensible, inasmuch as the corresponding forces go through their period in 
a day, adunar day if the moon be the body considered. These terms therefore, even if they ex- 
isted, need not be considered; and for the same reason the terms containing sin 2 or cos 2d may 
be neglected ; so that nothing remains but a term which unites with the last term in equation (10). 
Let ¢ be the coefficient of the term 4 — cos’ @ in the expansion of w: then ¢ is the constant which 
determines the effect of the earth’s oblateness on the motion of the moon, and which enters into 
the expression for the moment of the attractions of the sun and moon on the earth; and in the 
particular case in which the earth’s surface is an oblate spheroid, having its axis coincident with 
the axis of rotation, ¢ is the ellipticity. Hence the constant ¢ seems of sufficient dignity to deserve 
a name, and it may be called in any case the ellipticity. 

Let 7 be the radius vector of the earth’s surface, regarded as coincident with the level of the 


sea; and take for shortness m { f(9,p)} to denote the mean value of the function f (0, ) 
1 

throughout all angular space, or a iietia( Gh gp) sin@d@dq@. Then it follows from the theory 
T 


of Laplace’s coefficients that 


A5 ) 
e= 7m. Nis = ISIN) Pe otek gectect: «2 (20) 


/ being the latitude, or the compliment of @. To obtain this equation it is sufficient to multiply 
é 1 : : 
both sides of (8) by = (4 - cos’) sin dO dq, and to integrate from 6 = 0 to 0 = zw, and from 
T 


p=0top=2-7. Since $—- cos’ @ is a Laplace’s coefficient of the second order, none of the 
terms at the second side of (8) will furnish any result except w., and even in the case of u, the 
terms involving the sine or cosine of @ or of 2q@ will disappear. 

15, Let g be gravity reduced to the level of the sea by taking account only of the height of 
the station. Then this is the quantity to which equation (12) is applicable; and putting for w, its 
value we get by means of the properties of Laplace’s coefficients 


45 
G=m(g), G(Bm -«) =- va 1 — sin’ D)igteeea een cceueneee (27) 


If we were possessed of ‘the values of g at an immense number of stations scattered over 
the surface of the whole earth, we might by combining the results of observation in the 
manner indicated by equations (27) obtain the numerical values of Gand «. We cannot, however, 
obtain by observation the values of g at the surface of the sea, and the stations on land where 
the observations have been made from which the results are to be obtained are not very numerous. 
We must consider therefore in what way the variations of gravity due to merely local causes are 
to be got rid of, when we know the causes of disturbance; for otherwise a local irregularity, 
which would be lost in the mean of an immense number of observations, would require undue 
importance in the result. 


AT THE SURFACE OF THE EARTH. 683 


16. Now the most obvious cause of irregularity consists in the attraction of the land lying 
between the level of the station and the level of the sea. This attraction would render the 
values of g sensibly different, which would be obtained at two stations only a mile or two apart, 
but situated at different elevations. To render our observations comparable with one another, it 
seems best to correct for the attraction of the land which lies underneath the pendulum; but then 
we must consider whether the habitual neglect of this attraction may not affect the mean values 
from which G and e¢ are to be found. 


Let g =g,+g', where g’ is the attraction just mentioned, so that g, is the result obtained by 
reducing the observed value of gravity to the level of the sea by means of Dr. Young’s formula*. 
Let fA be the height of the station above the level of the sea, o the superficial density of 
the earth where not covered by water; then by the formula for the attraction of an infinite plane 
we have g =2ach. To make an observation, conceived to be taken at the surface of the sea, 
comparable with one taken on land, the correction for local attraction would be additive, instead of 
subtractive; we should have in fact to add the excess of the attraction of a layer of earth or rock, 
of a thickness equal to the depth of the sea at that place, over the attraction of so much water. 
The formula g’ = 27ch will evidently apply to the surface of the sea, provided we regard A as a 
negative quantity, equal to the depth of the sea, and replace ¢ by o — 1, the density of water being 
taken for the unit of density; or we may retain o as the coefficient, and diminish the depth in 
the ratio of ¢ to ¢—1. 


Let p be the mean density of the earth, then 


F) 2 h Sah 
gi =2nch=G>~ = 
g Tpa 2 pa 


If we suppose «= 23, p = 54, a= 4000 miles, and suppose A expressed in miles, with the 
understanding that in the case of the sea h is a negative quantity equal to ths of the actual 
depth, we have g’ = .00017 Gh nearly. 


17. Consider first the value of G. We have by the preceding formula, and the first of 
equations (27), 

G = M(g,) + G x .00017 m (A). 

According to Professor Rigaud’s determination, the quantity of land on the surface of the 
earth is to that of water as 100 to 276+. If we suppose the mean elevation of the land 1th 
of a mile, and the mean depth of the sea 34 miles, we shall have 

Awe ee 
m (hk) = - bis oa lle ae = = — 1.49 nearly ; 
376 
so that the value of G determined by g, would be too great by about .000258 of the whole. Hence 
the mass of the earth determined by the pendulum would be too great by about the one four- 
thousandth of the whole; and therefore the mass of the moon, obtained by subtracting from 
the sum of the masses of the earth and moon, as determined by means of the coefficient of lunar 
parallax, the mass of the earth alone, as determined by means of the pendulum, would be too 
small by about the one four-thousandth of the mass of the earth, or about the one fiftieth of 
the whole. 


18. Consider next the value of «. Let e, be the value which would be determined by sub- 
stituting g, for g in (27), and let 


* Phil. Trans. for 1819. Dr. Young’s formula is based on the 
principle of taking into account the attraction of the table-land 
existing between the station and the level of the sea, in reducing | *=23, p=53. Mr Airy, observing that the value «=24 is a 
the observation to the sea level. On account of this attraction, the | little too small, and »=44 a little too great, has employed the 
factor .6, instead of .66. 

t Cambridge Philosophical Transactions, Vol. V1. p. 297. 


3a 7 
must be reduced in the ratio of 1 to 1— 3° 1 to .6t nearly, if 


2h : : sn : 
multiplier (=) which gives the correction for elevation alone 
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46 he ‘ 
= m {(sin*Z — 1)g'} = Gq. 


In considering the value of q we may attend only to the land, provided we transfer the defect of 
density of the sea with an opposite sign to the land, because if g’ were constant, g would vanish. 
This of course proceeds on the supposition that the depth of the sea is constant. Since ¢ = e, — q, 
if q were positive, the ellipticity determined by the pendulum would appear too great in con- 
sequence of the omission of the force g’. I have made a sort of rough integration by means of 
a map of the world, by counting the quadrilaterals of land bounded each by two meridians 
distant 10°, and by two parallels of latitude distant 10°, estimating the fraction of a broken 
quadrilateral which was partly occupied by sea. The number of quadrilaterals of land between 
two consecutive parallels, as for example 50° and 60°, was multiplied by 12 G- sin*/) cos 7, or 
3cos 31 + cos/, where for / was taken the mean latitude, (55° in the example,) the sum of the 
results was taken for the whole surface, and multiplied by the proper coefficient. The north pole 
was supposed to be surrounded by water, and the south pole by land, as far as latitude 80°. It 
appeared that the land lying beyond the parallels for which sin*/ =1, that is, beyond the 
parallels 35° N. and 35°S. nearly, was almost exactly neutralized by that which lay within those 
parallels. On the whole, q appeared to have a very small positive value, which on the same 
suppositions as before respecting the height of the land and the depth of the sea, was .0000012. 
It appears, therefore, that the omission of the force g’ will produce no sensible increase in the 
value of ¢, unless the land be on the whole higher, or the sea shallower, in high latitudes than in 
low. If the land had been collected in a great circular continent around one pole, the value of 
q would have been .000268; if it had been collected in a belt about the equator, we should have 
had q = — .000362. The difference between these values of q is about one fifth of the whole 
ellipticity. 


19. The attraction g’ is not the only irregularity in the magnitude of the force of gravity 
which arises from the irregularity in the distribution of land and sea, and in the height of the 
land and depth of the sea, although it is the only irregularity, arising from that cause, which is 
liable to vary suddenly from one point at the surface to another not far off. The irregular coating 
of the earth will produce an irregular attraction besides that produced by the part of this coating 
which lies under and in the immediate neighbourhood of the station considered, and it will 
moreover cause an irregular elevation or depression in the level of the sea, and thereby cause a 
diminution or increase in the value of g. 


Consider the attraction arising from the land which lies above the level of the sea, and from 
the defect of attracting matter in the sea. Call this excess or defect of matter the coating of the 
earth: conceive the coating condensed into a surface coinciding with the level of the sea, and 
let 4d be the mass contained in a small element A of this surface. Then 6 = ch in the case of the 
land, and 6 = —(¢ — 1)h in the case of the sea, h being in that case the depth of the sea, Let 
V, be the potential of the coating, V’, V” the values of V, outside and inside the surface respec- 
tively. Conceive 0 expanded in a series of Laplace’s coefficients 6, + 6,+..., then it is easily 
proved that 

Vi nana’ (~84 a4 
fh sr” or 


A ip 
dates), Wm barat (28, + 8,4 one) eevee cee (28) 


r being the distance of the point considered from the centre. These equations give 
dV’ _ i+1 (2) "3 a i le 
7 - , = 
dr 2i+1 f 


TD 
dr Operant 


aan rere 


Consider two points, one external, and the other internal, situated along the same radius vector 
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very close to the surface. Let £ be an element of this surface lying around the radius vector, an 
element which for clear ideas we may suppose to be a small circle of radius s, and let s be at the 
same time infinitely small compared with a, and infinitely great compared with the distance between 
j ee Zs CN ee 
the points. Then the limiting values of Ss and 
r 


will differ by the attraction of the element 
: 
E, an attraction which, as follows from what was observed in Art. 13, will be ultimately the same 

; V’ d Vv" 
as that of an infinite plane of the same density, or 2a6*. The mean of the values of ire and d 

r r 

will express the attraction of the general coating in the direction of the radius vector, the 
general coating being understood to mean the whole coating, with the exception of a superficial 
element lying adjacent to the points where the attraction is considered. Denoting this mean by 
dV, r 
——, we get, on putting r=a, 


dr 


Ge Se a> os 


dr 24+1 


This equation becomes by virtue of either of the equations (28) 


dee NY, 
dr 2a" 


which is a known equation. Let either member of this equation be denoted by —g”. Then 
gravity will be increased by g”, in consequence of the attraction of the general coating. 


20. But besides its direct effect, the attraction of the coating will produce an indirect effect by 
altering the sea-level. Since the potential at any place is increased by V, in consequence of the 
coating, in passing from what would be a surface of equilibrium if the coating were removed, to the 
actual surface of equilibrium corresponding to the same parameter, ‘that is, the same value of the 
constant ¢ in equation (1),} we must ascend till the labouring force expended in raising a unit of 


r 


mass is equal to V,, that is, we must ascend through a space —, or G nearly. In consequence of 
& 


ec 
suppose. If we take account only of the alteration of the distance from the centre of the earth, 


2h’ av. ” : 
this diminution will be equal to G.—, or —“‘, or 4g”, and therefore the combined direct and 
a a 


this ascent, gravity will be diminished by the quantity corresponding to the height G~' V,, or h’ 


indirect effects of the general coating will be to diminish gravity by 3g”. 


But the attraction of that portion of the stratum whose thickness is h’, which lies immediately 
about the station considered, will be a quantity which involves h’ as a factor, and to include this 
attraction we must correct for the change of distance h’ by Dr. Young's rule, instead of correcting 
merely according to the square of the distance. In this way we shall get for the diminution of 


gravity due to the general coating, not 3g”, but only 4 (1 -<*) g -—g", or kg” suppose. If 
P 


a:p:: 5:11, we have k =1. 64 nearly. 


the attraction of the interposed element of surface, which, being 
ultimately plane, will act equally at both points; and, therefore, 
the attraction will be in each case 274, and will act outwards in 
the first case, and inwards in the second. 


* This result readily follows from equations (28), which give, 


CV ave 
on putting 7=a, AT iti 4a26;=476. This difference of 


attraction at points infinitely close can evidently only arise from 


Vou. VIII. Parr V. 47 
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If we cared to leave the mean value of gravity unaltered, we should have to use, instead of 6, 
its excess over its mean value d,. In considering, however, only the variation of gravity from one 
place to another, this is a point of no consequence. 


21. In order to estimate the magnitude which the quantity 3g” is likely to attain, conceive 
two stations, of which the first is surrounded by land, and the second by sea, to the distance of 
1000 miles, the distribution of land and sea beyond that distance being on the average the same at 
the two stations. Then, by hypothesis, the potential due to the land and sea at a distance greater 
than 1000 miles is the same at the two stations; and as we only care for the difference between the 
values of the potential of the earth’s coating at the two stations, we may transfer the potential due 
to the defect of density at the second station with an opposite sign to the first station. We shall 
thus have around the first station, taking h’ for the depth of the sea around the second station, 
d6=ch+(e-1)h. In finding the difference V of the potentials of the coating, it will be amply 
sufficient to regard the attracting matter as spread over a plane disk, with a radius s equal to 1000 
miles. On this supposition we get 


V= [sisig. Q7osds = 27ros. 


Q , 
Now G = 4 rpa, and therefore 3g” = ae = oe G= a ght (co = 1)h 5% Making the same 
; 2a 4pa 4 pa a 
suppositions as before with regard to the numerical values of o, p, h, h’, and a, we get 
3g” =:000147G. This corresponds to a difference of 6°35 vibrations a day in a seconds’ pendulum. 
Now a circle with a radius of 1000 miles looks but small on a map of the world, so that we may 
readily conceive that the difference depending on this cause between the number of vibrations 
observed at two stations might amount to 15 or 20, that is 7.5 or 10 on each side of the mean, or 
even more if the height of the land or the depth of the sea be under-estimated. This difference 


will however be much reduced by using kg” in place of 3g”*. 


22. The value of V, at any station is expressed by a double integral, which is known if 6 be 
known, and which may be calculated numerically with sufficient accuracy by dividing the surface 
into small portions and performing a summation. Theoretically speaking, V, could be expressed 
for the whole surface at once by means of a series of Laplace’s coefficients ; the constants in this 
series could be determined by integration, or at least the approximate integration obtained by 
summation, and then the value of V, could be obtained by substituting in the series the latitude and 
longitude of the given station for the general latitude and longitude. Bat the number of terms 
which would have to be retained in order to represent with tolerable accuracy the actual state of the 
earth’s surface would be so great that the method, I apprehend, would be practically useless ; 
although the leading terms of the series would represent the effect of the actual distribution of land 
and sea in its broad features. It seems better to form directly the expression for V, at any station. 
This expression may be calculated numerically for each station by using the value of 6 most likely 
to be correct, if the result be thought worth the trouble; but even if it be not calculated 
numerically, it will enable us to form a good estimation of the variation of the quantity 3g” or ke” 
from one place to another. 


Let the surface be referred to polar co-ordinates originating at the centre, and let the angles 
, x be with reference to the station considered what 6, @ were with reference to the north pole. 
The mass of a superficial element is equal to da’ sin \ydy/dy, and its distance from the station is 


2a sin be Hence we have 


~ 


V.=affo cos“ day. senoner (ED, 


* The effect of the irregularity of the earth’s surface is greater than what is represented by kg”, for a reason which will be explained 
further on ( Art. 25). 


AT THE SURFACE OF THE EARTH. 687 


Let 6,, be the mean value of 6 throughout a circle with an angular radius \, then the part of 
V. which is due to an annulus having a given infinitely small angular breadth dy, is proportional to 


8, COS 3 , or to 6, nearly when y is not large. If we regard the depth of the sea as uniform, we 


may suppose 6 = 0 for the sea, and transfer the defect of density of the sea with an opposite sign to 
the land. We have seen that if we set a circle of land 1 mile high of 1000 miles radius surrounding 
one station against a circle of sea 3h miles deep, and of the same radius, surrounding another, we get 
a difference of about 4 x 1.64 x 6.35, or 33 nearly, in the number of vibrations performed in one 
day by a seconds’ pendulum. It is hardly necessary to remark that high table-land will produce 
considerably more effect than land only just raised above the level of the sea, but it should be 
observed that the principal part of the correction is due to the depth of the sea. Thus it would 
require a uniform elevation of about 2.1 miles, in order that the land elevated above the level of the 
sea should produce as much effect as is produced by the difference between a stratum of land 
33, miles thick and an equal stratum of water. 


23. These considerations seem sufficient to account, at least in a great measure, for the 
apparent anomalies which Mr. Airy has noticed in his discussion of pendulum experiments*. The 
first table at p. 230 contains a comparison between the observations which Mr. Airy considers first- 
rate and theory. The column headed “ Error in Vibrations” gives the number of vibrations per 
diem in a seconds’ pendulum corresponding to the excess of observed gravity over calculated 
gravity. With respect to the errors Mr. Airy expressly remarks ‘‘ upon scrutinizing the errors of 
the first-rate observations, it would seem that, eeteris paribus, gravity is greater on islands than on 
continents.” This circumstance appears to be fully accounted for by the preceding theory. The 
greatest positive errors appear to belong to oceanic stations, which is just what might be expected. 
Thus the only errors with the sign + which amount to 5 are, Isle of France + 7.0; Marian 
Islands + 6.8; Sandwich Islands + 5.2; Pulo Gaunsah Lout (a small island near new Guinea and 
almost on the equator,) + 5.0. The largest negative errors are, California — 6.0; Maranham — 5.6; 
Trinidad — 5.2. These stations are to be regarded as continental, because generally speaking the 
stations which are the most continental in character are but on the coasts of continents, and Trinidad 
may be regarded as a coast station. That the negative errors just quoted are larger than those that 
stand opposite to more truly continental stations such as Clermont, Milan, &c. is no objection, 
because the errors in such different latitudes cannot be compared except on the supposition that the 
value of the ellipticity used in the comparison is correct. 


Now if we divide the 49 stations compared into two groups, an equatoreal group containing the 
stations lying between latitudes 35°N. and 35°S., and a polar group containing the rest, it will 
be found that most if not all of the oceanic stations are contained in the former group, while the 
stations belonging to the latter are of a more continental character. Hence the observations will 
make gravity appear too great about the equator and too small towards the poles, that is, they will 
on the whole make gravity vary too little from the equator to the poles; and since the variation 
depends upon 3m —e, the observations will be best satisfied by a value of e which is too great. 
This is in fact precisely the result of the discussion, the value of « which Mr. Airy has obtained 
from the pendulum experiments (.003535) being greater than that which resulted from the dis- 
cussion of geodetic measures (.003352), or than any of the values (.003370, .003360, and .003407), 
obtained from the two lunar inequalities which depend upon the earth’s oblateness. 


Mr. Airy has remarked that in the high north latitudes the greater number of errors have the 
sign +, and that those about the latitude 45° have the sign — ; those about the equator being 


* Encyclopedia Metropolitana, Art. Figure of the Earth. 
472 
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nearly balanced. To destroy the errors in high and mean latitudes without altering the others, he 
has proposed to add a term — A sin’) cos’, where ) is the latitude. But a consideration of the 
character of the stations seems sufficient, with the aid of the previous theory, to account for the 
apparent anomaly. About latitude 45° the stations are all continental; in fact, ten consecutive 
stations including this latitude are Paris, Clermont, Milan, Padua, Fiume, Bordeaux, Figeac, Toulon, 
Barcelona, New York. These stations owght, as a group, to appear with considerable negative errors. 
Mr. Airy remarks “If we inereased the multiplier of sin*),” and consequently diminished the 
ellipticity, ‘we might make the errors at high latitudes as nearly balanced as those at the equator: 
but then those about latitude 45° would be still greater than at present.” 


The largeness of the ellipticity used in the comparison accounts for the circumstance that the 
stations California, Maranham, Trinidad, appear with larger negative errors than any of the stations 
about latitude 45°, although some of the latter appear more truly continental than the former. On 
the whole it would seem that the best value of the ellipticity is one which, supposing it left the errors 
in high latitudes nearly balanced, would give a decided preponderance to the negative errors about 
latitude 45° N. and a certain preponderance to the positive errors about the equator, on account of 
the number of oceanic stations which occur in low latitudes. 


If we follow a chain of stations from the sea inland, or from the interior to the coast, it is 
remarkable how the errors decrease algebraically from the sea inwards. The chain should not extend 
over too large a portion of the earth’s surface, as otherwise a small error in the assumed ellipticity 
might affect the result. Thus for example, Spitzbergen + 4.3, Hammerfest — 0.4, Drontheim — 2.7. 
In comparing Hammerfest with Drontheim, we may regard the former as situated at the vertex of a 
slightly obtuse angle, and the latter as situated at the edge of astraight coast. Again, Dunkirk — 0.1, 
Paris — 1.9, Clermont — 3.9, Figeac — 3.8, Toulon — 0.1, Barcelona 0.0, Fomentera + 0.2. Again, 
Padua + 0.7, Milan — 2.8. Again, Jamaica — 0.8, Trinidad — 5.2. 


24. Conceive the correction kg” calculated, and suppose it applied, as well as the correction 
—g’, to observed gravity reduced to the level of the sea, or to g, and let the result beg. Let €, 
be the ellipticity which would be determined by means of g, «+ Ae, the true ellipticity. Since 
g,=e-g2 + k'g’, and therefore g=g,, +g’ — kg’, we get by (27) 


45 
Ae, = 7 §( - sin?) (g' — ke")}- coveeeseeoes (82) 
Now g =2mch = 270 = 27306,; and we get from (30) and (28) 
dv, KV. bj 
” mh el ye es cae 2k S i 
AS dr 2a bearer 
All the terms 6; will disappear from the second side of (32) except 6,, and we therefore get 
45 ; k 
Ae, = Weis 4(4 - sin’ Z) (: - = amb}. 


Hence the correction Ae, is less than that considered in Art. 18, in the ratio of 5.— & to 5, and is 
therefore probably insensible on account of the actual distribution of land and water at the surface of 
the earth. 


25. Conceive the islands and continents cut off at the level of the sea, and the water of the sea 
replaced by matter having the same density as the land. Suppose gravity to be observed at the 
surface which would be thus formed, and to be reduced by Dr Young’s rule to the level of what 
would in the altered state of the earth be a surface of equilibrium. It is evident that g,, expresses 
the gravity which would be thus obtained, 


The irregularities of the earth’s coating would still not be wholly allowed for, because the surface 
which would be formed in the manner just explained would no longer be a surface of equilibrium, 
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in consequence of the fresh distribution of attracting matter. The surface would thus preserve traces 
of its original irregularity. A repetition of the same process would give a surface still more regular, 
and so on indefinitely. It is easy to see the general nature of the correction which still remains. 
Where a small island was cut off, there was previously no material elevation of the sea-level, and 
therefore the surface obtained by cutting off the island and replacing the surrounding sea by land 
will be very nearly a surface of equilibrium, except in so far as that may be prevented by alterations 
which take place on a large scale. But where a continent is cut off there was a considerable elevation 
in the sea-level, and therefore the surface which is left will be materially raised above the surface of 
equilibrium which most nearly represents the earth’s surface in its altered state. Hence the general 
effect of the additional correction will be to increase that part of g” which is due to causes which act 
on a larger scale, and to leave nearly unaffected that part which is due to causes which are more 
local. 


The form of the surface of equilibrium which would be finally obtained depends on the new 
distribution of matter, and conversely, the necessary distribution of matter depends on the form of 
the final surface. The determination of this surface is however easy by means of Laplace’s analysis. 


26. Conceive the sea replaced by solid matter, of density ¢, having a height from the bottom 
upwards which is to the depth of the seaas1 tog. Let h be the height of the land above the actual 
sea-level, h being negative in the case of the sea, and equal to the depth of the sea multiplied by 
1—a7!. Let & be the unknown thickness of the stratum which must be removed in order to leave 
the surface a surface of equilibrium, and suppose the mean value of w to be zero, so that on the whole 
matter is neither added nor taken away. ‘The surface of equilibrium which would be thus obtained 
is evidently the same as that which would be formed if the elevated portions of the irregular surface 
were to become fluid and to run down, 


Let V be the potential of the whole mass in its first state, V, the potential of the 
stratum removed. The removal of this stratum will depress the surface of equilibrium by the 
space G~'V,; and the condition to be satisfied is, that this new surface of equilibrium, or else a 
surface of equilibrium belonging to the same system, and therefore derived from the former by 
further diminishing the radius vector by the small quantity ec’, shall coincide with the actual 
surface. We must therefore have 
* 


Gee nee (33) 


Let h and @ be expanded in series of Laplace’s coefficients h, +h, +... and w+, +... Then 
the value of V, at the surface will be obtained from either of equations (28) by replacing 6 by ow 
and putting r =a. We have therefore 


Vy = Arad (a + $2, + Pata + 22-). rcrrcrcecceeeee (34) 


After substituting in (33) the preceding expressions for V,, h, and w, we must equate to zero 
Laplace’s coefficients of the same order. The condition that w, =0 may be satisfied by means 
of the constant ¢’, and we shall have 


av; 
G7. 4roa = a hy 
20+ 


: ‘ A : ‘ 30 
which gives, on replacing G~'.4a7ca by its equivalent — , 


p 
_  @i+I)p *. 30 
Sn Eten ere ie Gia eas les asccacocdl (ia), 


We see that for terms of a high order 2; is very nearly equal to h;, but for terms of a low order, 
whereby the distribution of land and sea would be expressed as to its broad features, a; is sensibly 
greater than h,. 
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27. Let it be required to reduce gravity g to the gravity which would be observed, in the 
altered state of the surface, along what would then be a surface of equilibrium. Let the correction 
be denoted by g’ —3g"”, where g’ is the same as before. The correction due to the alteration of the 
coating in the manner considered in Art. 20 has been shewn to be equal to 


oF 


i417 


276 —-6r> 


and the required correction will evidently be obtained by replacing § by ca. Putting for a; its 
value got from (35) we have 
Qi -—2 3p —3 
g in 3g" gf gusilss 0 Cb) ll as arodfi = aij ach h 
(27+ 1)p—30 (271 +1) p -— 36 

which gives, since 270 Zh; = 2aah =g", and G = 4rpa, 

30 —3 h; 
LS a Le tL ua lve 
2p (21+ 1)p-—3c4a 
a = 4000, and suppose h expressed in miles, we get 


mr 


32° =:1G 


If we put o = 24, p= 51 


Q) 

ay, See ah G x .00017 (— 4.5hg + hy + 45h, + .290h; + .214h, + ...). «..(37) 

— . pe ie re x. = Sed . 2 4 . er So 
ao 88000 ~ 114 — 2 para z : : 
Had we treated the approximate correction 3g” in the same manner we should have had 

" 3a 3h; 
3g” = G—>—— =G x .00017 (3h) + hk, + -6hy + 429h3 + 3338/4 + .2) 
2pa 2+ 1 


: co 
whereas, since k = 3 (1 = °), we get 
pr 


30 5 (3p — 30) h; 
Qpa~ (i+ 1)p 

The general expressions for 3g””, 3g”, and kg” shew that the approximate correction kg” agrees 
with the true correction 3g’” so far as regards terms of a high order, whereas the leading terms, 
beginning with the first variable term, are decidedly too small; so that, as far as regards these 
terms, 3g” is better represented by 3g” than by kg”. This agrees with what has been already 
remarked in Art. 25. 


ke’ =G = G x .00017 (1.636 hy + .545h, + .327he + .234h, + .182h, + ...).--(38) 


If we put g— g'+3g""=g, and suppose G@ and ¢ determined by means of g_, small corrections 
similar to those already investigated will have to be applied in consequence of the omission of the 
quantity g’— 3g’” in the value of g. The correction to ¢ would probably be insensible for the 
reason mentioned in Art. 18. If we are considering only the variation of gravity, we may of course 
leave out the term hyp. 


The series (37) would probably be too slowly convergent to be of much use. A more 
convergent series may be obtained by subtracting kg” from 3g”’, since the terms of a high order in 
3g” are ultimately equal to those in kg”. We thus get 


3g” = kg” + G x .00017 (— 6.136hy + 455, + .128h2 + 056h3 + 082k, + 20.) .o-ee - (89) 


which gives g’” if g” be known by quadratures for the station considered. 


Although for facility of calculation it has been supposed that the sea was first replaced by a 
stratum of rock or earth of less thickness, and then that the elevated portions of the earth’s 
surface became fluid and ran down, it may be readily seen that it would come to the same thing if 
we supposed the water to remain as it is, and the land to become fluid and run down, so as to 
form for the bottom of the sea a surface of equilibrium, The gravity g,, would apply to the 
earth so altered. 
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28. Let us return to the quantity V, of Art. 19, and consider how the attraction of the earth’s 
irregular coating affects the direction of the vertical. Let 7 be the latitude of the station, which 
for the sake of clear ideas may be supposed to be situated in the northern hemisphere, @ its 
longitude west of a given place, € the displacement of the zenith towards the south produced by 
the attraction of the coating, y its displacement towards the east. Then 


Tas _ secl dV, 
DGG dh.” « Ganda? 


1 av. secl dV, A 2 
because — —* and —— aes are the horizontal components of the attraction towards the north 


dl a wD 
and towards the west respectively, and G may be put for g on account of the smallness of the 
displacements. 


Suppose the angle y of Art. 22 measured from the meridian, so as to represent the north 
azimuth of the elementary mass da*sinyydyydy. On passing to a place on the same meridian 
whose latitude is 7 + d/, the angular distance of the elementary mass is shortened by cos x. dJ, and 


! 
us Yana 
2 Q 2 


> becomes 2asin 


v 


F ; ahs 1 : 
Hence the reciprocal of the linear distance is increased by — cos = cosec* 
4a 2 


therefore its linear distance, which was a chord \/, or 2a sin cos x . di. 


V 


2 


cos y.d/, and therefore 


! 
the part of V, due to this element is increased by }éa cos* ~ cosee be cosy.dyydydl. Hence we have 


He i) e OdWdy. ...s0000. (40) 


sin + 


Although the quantity under the integral sign in this expression becomes infinite when 
vanishes, the integral itself has a finite value, at least if we suppose 6 to vary continuously in the 
immediate neighbourhood of the station. For if d becomes 0’ when y becomes y + 7, we may 


replace 6 under the integral sign by d — 0’, and integrate from + =0 to y = =, instead of integrating 


from xX =0 to x = 2m, and the limiting value of ——— when vy, vanishes is oar ; which is finite. 
ey ve 
sin - 


To get the easterly displacement of the zenith, we have only to measure y from the west 
. : 7 : 
instead of from the north, or, which comes to the same, to write y = for x, and continue to 


measure x from the north. We get 


sec = - 2 [feost™ cosec = sin y.0dydy..++...+4-(41) 

29. The expressions (40) and (41) are not to be applied to points very near the station if 6 
vary abruptly, or even very rapidly, about such points. Recourse must in such a case be had to 
direct triple integration, because it is not allowable to consider the attracting matter as condensed 
into a surface. If however 6 vary gradually in the neighbourhood of the station, the expression 
(40) or (41) may be used without further change. For if we modify (40) in the way explained in 


v 


the preceding article, or else by putting the integral under the form /," /,°* cost cosec = cos x 


(8 - 3) dyydy, where 0, denotes the value of 6 at the station, we see that the part of the integral 
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due to a very small area surrounding the station is very small. If 6 vary abruptly, in consequence 
suppose of the occurrence of a cliff, we may employ the expressions (40), (41), provided the distance 
of the cliff from the station be as much as three or four times its height. 


These expressions shew that the vertical is liable to very irregular deviations depending on 
attractions which are quite local. For it is only in consequence of the opposition of attractions in 
opposite quarters that the value of the integral is not considerable, and it is of course larger in 


. . . W . . 
proportion as that opposition is less complete. Since sin Vis but small even at the distance of two 


~ 


or three hundred miles, a distant coast, or on the other hand a distant tract of high land of con- 
siderable extent, may produce a sensible effect; although of course in measuring an are of the 
meridian those attractions may be neglected which arise from masses which are so distant as to affect 
both extremities of the are in nearly the same way. 


If we compare (40) or (41) with the expression for g” or g’”, we shall see that the direction of 
the vertical is liable to far more irregular fluctuations on account of the inequalities in the earth’s 
coating than the force of gravity, except that part of the force which has been denoted by g’, and 
which is easily allowed for. It has been supposed by some that the force of gravity alters irregularly 
along the earth’s surface, and so it does, if we compare only distant stations. But it has been 
already remarked with what apparent regularity gravity when corrected for the inequality g’ appears 
to alter, in the direction in which we should expect, in passing from one station to another in a 
chain of neighbouring stations. 


30. There is one case in which the deviation of the vertical may become unusually large, 
which seems worthy of special consideration. 


For simplicity, suppose 6 to be constant for the land, and equal to zero for the sea, which 
comes to regarding the land as of constant height, the sea as of uniform depth, and transferring 
the defect of density of the sea with an opposite sign to the land. Apply the integral (40) to 
those parts only of the earth’s surface which are at no great distance from the station considered, 


5 s A 5 
v = 1, sin ve ud = —, if s be the distance of the element, measured along 
2 a 


so that we may put cos ~~ F 


a great circle. In going from the station in the direction determined by the angle y, suppose that 
we pass from land to sea at distances $,, 8,, s,,...and from sea to land at the intermediate distances 
8, S,....On going in the opposite direction suppose that we pass from land to sea at the distances 
$_ 1) 8_g9 $_s, «-- and from sea to land at the distances s_., s_,.... Then we get from (40), 
dV, 
a= ao f Slog s, — log s_, — (log s, — log s_») + log s, — log s_, — ...} cos y.dy. 

If the station be near the coast, one of the terms logs,, log s_, will be large, and the zenith 
will be sensibly displaced towards the sea by the irregular attraction. On account of the shelving 
of the coast, the preceding expression, which has been formed on the supposition that d vanished 
suddenly, would give too great a displacement ; but the object of this article is not to perform any 
precise calculation, but merely to shew how the analysis indicates a case in which there would be 
unusual disturbance. A cliff bounding a tract of table-land would have the same sort of effect as 
a coast, and indeed the effect might be greater, on account of the more sudden variation of 6. The 
effect would be nearly the same at equal distances from the edge above and below, that distance 
being supposed as great as a small multiple of the height of the cliff, in order to render the 
expression (40) applicable without modification. 


31. Let us return now to the force of gravity, and leaving the consideration of the connexion 
between the irregularities of gravity and the irregularities of the earth’s coating, and of the 
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possibility of destroying the former by making allowance for the latter, let us take the earth such 
as we find it, and consider further the connexion between the variations of gravity and the 
irregularities of the surface of equilibrium which constitutes the sea-level. 


Equation (12) gives the variation of gravity if the form of the surface be known, and conversely, 
(8) gives the form of the surface if the variation of gravity be known. Suppose the variation of 
gravity known by means of pendulum-experiments performed at a great many stations scattered 
over the surface of the earth; and let it be required from the result of the observations to deduce 
the form of the surface. According to what has been already remarked, a series of Laplace's coefficients 
would most likely be practically useless for this purpose, unless we are content with merely the 
leading terms in the expression for the radius vector; and the leading character of those terms 
depends, not necessarily upon their magnitude, but only on the wide extent of the inequalities 
which they represent. We must endeavour therefore to reduce the determination of the radius 
vector to quadratures. 


For the sake of having to deal with small terms, let g be represented, as well as may be, by 
the formula which applies to an oblate spheroid, and let the variable term in the radius vector be 
calculated by Clairaut’s Theorem. Let g, be calculated gravity, r, the calculated radius vector, 
and put g=g,+ Ag,r=r,+aAu. Suppose Ag and Aw expanded in series of Laplace's 
coefficients. It follows from (12) that Ag will have no term of the order 1; indeed, if this were not 
the case, it might be shewn that the mutual forces of attraction of the earth’s particles would have a 
resultant. Moreover the constant term in Ag may be got rid of by using a different value of G. 
No constant term need be taken in the expansion of Aw, because such a term might be got rid of 
by using a different value of a, and a@ of course cannot be determined by pendulum-experiments. 
The term of the first order will disappear if + be measured from the common centre of gravity of 
the mass and volume. The remaining terms in the expansion of Aw will be determined from those 
in the expansion of Ag by means of equations (8) and (12). 

Let IER 1G (Ose Os IF Uy Asknes) 5) ents wo wieactace sek cceves (42) 
and we shall have 

AU = V2 + 0s + FU, + con. senceeccesesceceeeees (43) 


Suppose Ag = GF'(6,¢). Let Wy be the angle between the directions determined by the angular 
co-ordinates 0, p and 6’, di’. Let (1 — 2¢ cosy + @*)! be denoted by R, and let Q; be the coefficient 
of re in the expansion of R~' in a series according to ascending powers of (| Then 

2i+1 


v= —— heh FO’, f')Q;,sin 0'd0'dg’, 


and therefore if ¢ be supposed to be less rh 1, and to become 1 in the limit, we shall have 
onere! x for , , vy 7 2 +1 = _: 10 ’ 
4a Au = limit of [7 (?"F (0, p') (5 CQ: + - CQs... + aa C'-'Q; + ...)sin O'd0'dg’. ... (44) 


Now assume 
9% +1 


7 = 56Q. + 2CQ,... + CIQ, +005 


+—1 
and we shall have 


5 Qe +7C Qs... + (28 + 1) G-°Q; +2005 


mlb 


a 


Kee ne C= GQ, 43Q «4 0Q, +...= G(R" -@ - (Q)): 


whence we get, putting Z for R=! - Q,- (Qy y =2/ 03d. GZ. 
Vor. VIII. Parr V. 4U 
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Integrating by parts, and observing that y vanishes with G we get 
y =207-'Z + 3f°(-*Zde 
The last integral may be obtained by rationalization. If we assume R = w — ¢, and observe 
that Q, = 1, Q; =cosy, and that w = 1 when ¢ vanishes, we shall find 


°¢-?Zd¢ = cos yy . log lide 


w—-—1 
— (1 + cosy) —— —-2cosv,.lo ; 
asnees fy) yy. log — 


Vy 


2 c] 


Ww — cos Wy 
1 — cos yy 


When ¢=1 we have Z = (2 — 2cosw)-} — (1 + cosy), w =142sin 


and 


\ECAZaC = - asin Y (1 — sin ¥) - cos log fain ¥ (1 + sin ale 


2 
Putting f(\)) for the value of + when ¢ = 1, we have 


2 2g 


~ 


SW) = cosee © +1— 6sin¥ — 5cosWy — 8 608 log {sin ie (14 sin ale eaneee(45)) 


In the expression for Aw, we may suppose the line from which @’ is measured to be the radius 
vector of the station considered. We thus get, on replacing F(6’, g’) by G~'Ag, and employing 
the notation of Art. 22, 


1 - 
Au=— ah lef) sin Wddy. wvelvicvieciesculclasivaalee sides cesiewe (46) 


32. Let Ag=g' + A’g. Then A’g is the excess of observed gravity reduced to the level of 
the sea by Dr. Young’s rule over calculated gravity; and of the two parts g’ and A’g of which 
4g consists, the former is liable to vary irregularly and abruptly from one place to another, the 
latter varies gradually. Hence, for the sake of interpolating between the observations taken at 
different stations, it will be proper to separate Ag into these two parts, or, which comes to the 
same, to separate the whole integral into two parts, involving g’ and A’g respectively, so as to get 
the part of Aw which is due to g’ by our knowledge of the height of the land and the depth of 
the sea, and the part which depends on A’g by the result of pendulum-experiments. It may be 
observed that a constant error, or a slowly varying error, in the height of the land would be of no 
consequence, because it would enter with opposite signs into g’ and A’g. 


It appears, then, that the results of pendulum-experiments furnish sufficient data for the 
determination of the variable part of the radius vector of the earth’s surface, and consequently for 
the determination of the particular value which is to be employed at any observatory in correcting 
for the lunar parallax, subject however to a constant error depending on an error in the assumed 
value of a. 


33. The expression for g’” in Art. 27 might be reduced to quadratures by the method of 
Art. 31, but in this case the integration with respect to ¢ could not be performed in finite terms, 
and it would be necessary in the first instance to tabulate, once for all, an integral of the form 
So f (G cosy) d& for values of \), which need not be numerous, from 0 to 7. This table being 
made, the tabulated function would take the place of f (y,) in (46), and the rest of the process 
would be of the same degree of difficulty as the quadratures expressed by the equations (31) 
and (46). 


34. Suppose Aw known approximately, either as to its general features, by means of the 
leading terms of the series (43), or in more detail from the formula (46), applied in succession to a 
great many points on the earth’s surface. By interpolating between neighbouring places for which 
Au has been calculated, find a number of points where Aw has one of the constant values 
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- 2B, — 8, 0,8, 2 ..., mark these points on a map of the world, and join by a curve those 
which belong to the same value of Aw. We shall thus have a series of contour lines representing 
the elevation or depression of the actual sea-level above or below the surface of the oblate spheroid, 
which has been employed as most nearly representing it. If we suppose these lines traced on a 
globe, the reciprocal of the perpendicular distance between two consecutive contour lines will 
represent in magnitude, and the perpendicular itself in direction, the deviation of the vertical from 
the normal to the surface of the spheroid, or rather that part of the deviation which takes place on 
an extended scale: for sensible deviations may be produced by attractions which are merely local, 
and which would not produce a sensible elevation or depression of the sea-level ; although of course, 
as to the merely mathematical question, if the contour lines could be drawn sufficiently close and 
exact, even local deviations of the vertical would be represented. 


Similarly, by joining points at which the quantity denoted in Art. 19 by V has a constant 
value, contour lines would be formed representing the elevation of the actual sea-level above what 
would be a surface of equilibrium if the earth’s irregular coating were removed. By treating V, 
in the same way, contour lines would be formed corresponding to the elevation of the actual sea- 
level above what would be the sea-level if the solid portions of the earth’s crust which are 
elevated were to become fluid and to run down, so as to form a level bottom for the sea, which 
would in that case cover the whole earth. 


These points of the theory are noticed more for the sake of the ideas than on account of any 
application which is likely to be made of them; for the calculations indicated, though possible with 
a sufficient collection of data, would be very laborious, at least if we wished to get the results 
with any detail. 


35. The squares of the ellipticity, and of quantities of the same order, have been neglected 
in the investigation. Mr. Airy, in the Treatise already quoted, has examined the consequence, on 
the hypothesis of fluidity, of retaining the square of the ellipticity, in the two extreme cases of a 
uniform density, and of a density infinitely great at the centre and evanescent elsewhere, and has 
found the correction to the form of the surface and the variation of gravity to be insensible, or 
all but insensible. As the connexion between the form of the surface and the variation of gravity 
follows independently of the hypothesis of fluidity, we may infer that the terms depending on the 
square of the ellipticity which would appear in the equations which express that connexion would 
be insensible. It may be worth while, however, just to indicate the mode of proceeding when the 
square of the ellipticity is retained. 


By the result of the first approximation, equation (1) is satisfied at the surface of the earth, 
as far as regards quantities of the first order, but not necessarily further, so that the value of 
V + U at the surface is not strictly constant, but only of the form e¢ + H, where H is a small 
variable quantity of the second order. It is to be observed that V satisfies equation (3) exactly, 
not approximately only. Hence we have merely to add to V a potential V’ which satisfies equation 
(3) outside the earth, vanishes at an infinite distance, and is equal to H at the surface. Now if 
we suppose V” to have the value H at the surface of a sphere whose radius is a, instead of the 
actual surface of the earth, we shall only commit an error which is a small quantity of the first 
order compared with H, and # is itself of the second order, and therefore the error.will be only 
of the third order. But by this modification of one of the conditions which V’ is to satisfy, we 
are enabled to find V’ just as V was found, and we shall thus have a solution which is correct to 
the second order of approximation. A repetition of the same process would give a solution 
which would be correct to the third order, and so on. It need hardly be remarked that in going 
beyond the first order of approximation, we must distinguish in the small terms between the 
direction of the vertical, and that of the radius vector. 


G. G. STOKES. 


LI. On Hegel's Criticism of Newton's Principia. By W. WHEWELL, D.D., 
Master of Trinity College, Cambridge. 


[Read May 21, 1849.] 


Tue Newtonian doctrine of universal gravitation, as the cause of the motions which take place 
in the solar system, is so entirely established in our minds, and the fallacy of all the ordinary 
arguments against it is so clearly understood among us, that it would undoubtedly be deemed a 
waste of time to argue such questions in this place, so far as physical truth is concerned. But 
since in other parts of Europe, there are teachers of philosophy whose reputation and influence 
are very great, and who are sometimes referred to among our own countrymen as the authors of 
new and valuable views of truth, and who yet reject the Newtonian opinions, and deny the validity 
of the proofs commonly given of them, it may be worth while to attend for a few minutes to the 
declarations of such teachers, as a feature in the present condition of European philosophy. I the 
more readily assume that the Cambridge Philosophical Society will not think a communication on 
such a subject devoid of interest, in consequence of the favourable reception which it has given to 
philosophical speculations still more abstract, which I have on previous occasions offered to it. 
I will therefore proceed to make some remarks on the opinions concerning the Newtonian doctrine 
of gravitation, delivered by the celebrated Hegel, of Berlin, than whom no philosopher in modern, 
and perhaps hardly any even in ancient times, has had his teaching received with more reverential 
submission by his disciples, or been followed by a more numerous and zealous band of scholars 
bent upon diffusing and applying his principles. 


The passages to which I shall principally refer are taken from one of his works which is called 
the Encyclopedia (Encyklopadie), of which the First Part is the Science of Logic, the Second, the 
Philosophy of Nature, the Third, the Philosophy of Spirit. The Second Part, with which I am 
here concerned, has for an aliter title, Lectures on Natural Philosophy (Voilesungen tiber Natur- 
philosophie), and would through its whole extent offer abundant material for criticism, by referring 
it to principles with which we are here familiar: but I shall for the present confine myself to that 
part which refers to the subject which I have mentioned, the Newtonian Doctrine of Gravitation, 
§ 269, 270, of the work. Nor shall I, with regard to this part, think it necessary to give a con- 
tinuous and complete criticism of all the passages bearing upon the subject ; but only such speci- 
mens, and such remarks thereon, as may suffice to show in a general manner the value and the 
character of Hegel’s declarations on such questions. JI do not pretend to offer here any opinion 
upon the value and character of Hegel’s philosophy in general: but I think it not unlikely that 
some impression on that head may be suggested by the examination, here offered, of some points in 
which we can have no doubt where the truth lies; and I am not at all persuaded that a like 
examination of many other parts of the Hegelian Encyclopedia would not confirm the impression 
which we shall receive from the parts now to be considered. 


Hegel both criticises the Newtonian doctrines, or what he states as such; and also, not deny- 
ing the truth of the laws of phenomena which he refers to, for instance Kepler’s laws, offers his 
own proof of these laws. I shall make a few brief remarks on each of these portions of the pages 
before me. And I would beg it to be understood that where I may happen to put my remarks in 
a short, and what may seem a peremptory form, I do so for the sake of saving time; knowing 
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that among us, upon subjects so familiar, a few words will suffice. For the same reason, I shall 
take passages from Hegel, not in the order in which they occur, but in the order in which they 
best illustrate what I have to say. I shall do Hegel no injustice by this mode of proceeding: for 
I will annex a faithful translation, so far as I can make one, of the whole of the passages referred 
to, with the context. 


No one will be surprised that a German, or indeed any lover of science, should speak with 
admiration of the discovery of Kepler’s laws, as a great event in the history of Astronomy, and a 
glorious distinction to the discoverer. But to say that the glory of the discovery of the proof of 
these laws has been unjustly transferred from Kepler to Newton, is quite another matter. This is 
what Hegel says (a*). And we have to consider the reasons which he assigns for saying so. 


He says (6) that “‘it is allowed by mathematicians that the Newtonian Formula may be derived 
from the Keplerian laws,” and hence he seems to infer that the Newtonian law is not an additional 
truth. That is, he does not allow that the discovery of the cause which produces a certain phe- 
nomenal law is anything additional to the discovery of the law itself. 

“The Newtonian formula may be derived from the Keplerian law.” It was professedly so 
derived; but derived by introducing the Idea of Force, which Idea and its consequences were not 
introduced and developed till after Kepler’s time. 

“The Newtonian formula may be derived from the Keplerian law.” And the Keplerian law 
may be derived, and was derived, from the observations of the Greek astronomers and _ their 
successors; but was not the less a new and great discovery on that account. 


But let us see what he says further of this derivation of the Newtonian ‘ formula” from the 
Keplerian Law. It is evident that by calling it a formula, he means to imply, what he also asserts, 
that it is no new law, but only a new form (and a bad one) of a previously known truth. 


How is the Newtonian “‘ formula,” that is, the law of the inverse squares of the central force, 
derived from the Keplerian law of the cubes of the distances proportional to the squares of the 


times? This, says Hegel, is the “immediate derivation.” (e).—By Kepler’s law, A being the dis- 
: 4 
tance and 7’ the periodic time, 7 is constant. But Newton calls 7a universal gravitation; whence 


it easily follows that gravitation is inversely as A”. 
This is Hegel’s way of representing Newton’s proof. Reading it, any one who had never read 


sae A 
the Principia might suppose that Newton defined gravitation to be rch We, who have read the 
Principia, know that Newton proves that in circles, the central force (not the universal gravitation) 
is as a that he proves this, by setting out from the idea of force, as that which deflects a body 


from the tangent, and makes it describe a curve line: and that in this way, he passes from Kepler’s 
laws of mere motion to his own law of Force. 

But Hegel does not see any value in this. Such a mode of treating the subject he says (7) 
“offers to us a tangled web, formed of the Lines of the mere geometrical construction, to which a 
physical meaning of independent forces is given.” That a measwre of forces is found in such lines 
as the sagitta of the are described in a given time, (not such a meaning arbitrarily given to them,) 
is certainly true, and is very distinctly proved in Newton, and in all our elementary books. 

But, says Hegel, as further shewing the artificial nature of the Newtonian formulz, (2) “ Analy- 
sis has long been able to derive the Newtonian expression and the laws therewith connected out of 
the Form of the Keplerian Laws ;” an assertion, to verify which he refers to Poisson’s Mécanique. 


* These letters refer to passages in the Translation annexed to this Memoir. 
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This is apparently in order to shew that the ‘ lines” of the Newtonian construction are superfluous. 
We know very well that analysis does not always refer to visible representations of such lines: but 
we know too, (and Francceur would testify to this also,) that the analytical proofs contain equiva- 
lents to the Newtonian lines. We, in this place, are too familiar with the substitution of analytical 
for geometrical proofs, to be led to suppose that such a substitution affects the substance of the truth 
proved. The conversion of Newton’s geometrical proofs of his discoveries into analytical processes 
by succeeding writers, has not made them cease to be discoveries: and accordingly, those who have 


taken the most prominent share in such a conversion, have been the most ardent admirers of New- 
ton’s genius and good fortune. 


So much for Newton’s comparison of the Forces in different circular orbits, and for Hegel’s power 
of understanding and criticising it. Now let us look at the motion in different parts of the same 
elliptical orbit, as a further illustration of the value of Hegel’s criticism. In an elliptical orbit the 
velocity alternately increases and diminishes. This follows necessarily from Kepler’s law of the 
equal description of the areas, and so Newton explains it. Hegel, however, treats of this acceleration 
and retardation as a separate fact, and talks of another explanation of it, founded upon Centripetal 
and Centrifugal Force (0). Where he finds this explanation, I know not; certainly not in Newton, 
who in the second and third section of the Principia explains the variation of the velocity in a quite 
different manner, as I have said; and nowhere, I think, employs centrifugal force in his explana- 
tions. However, the notion of centrifugal as acting along with centripetal force is introduced in 
some treatises, and may undoubtedly be used with perfect truth and propriety. How far Hegel 
can judge when it is so used, we may see from what he says of the confusion produced by such an 
explanation, which is, he says, a maximum. In the first place, he speaks of the motion being wni- 
formly accelerated and retarded in an elliptical orbit, which, in any exact use of the word wniformly, 
it is not. But passing by this, he proceeds to criticise an explanation, not of the variable velocity 
of the body in its orbit, but of the alternate access and recess of the body to and from the center. 
Let us overlook this confusion also, and see what is the value of his criticism on the explanation. 
He says (p), “according to this explanation, in the motion of a planet from the aphelion to the 
perihelion, the centrifugal is less than the centripetal force; and in the perihelion itself the centri- 
petal force is supposed suddenly to become greater than the centrifugal;” and so, of course, the 
body re-ascends to the aphelion. 


Now I will not say that this explanation has never been given in a book professing to be scien- 
tific; but I have never seen it given; and it never can have been given but by a very ignorant and 
foolish person. It goes upon the utterly unmechanical supposition that the approach of a body to the 
center at any moment depends solely upon the excess of the centripetal over the centrifugal force ; and 
reversely. But the most elementary knowledge of mechanics shews us that when a body is moving 
obliquely to the distance from the center, it approaches to or recedes from the center in virtue of this 
obliquity, even if no force at all act. And the total approach to the center is the approach due to 
this cause, plus the approach due to the centripetal force, minus the recess due to the centrifugal 
force. At the aphelion, the centripetal is greater than the centrifugal force; and hence the motion 
becomes oblique; and then, the body approaches to the center on both accounts, and approaches on 
account of the obliquity of the path even when the centrifugal has become greater than the centri- 
petal force, which it becomes before the body reaches the perihelion. This reasoning is so elemen- 
tary, that when a person who cannot see this, writes on the subject with an air of authority, I do 
not see what can be done but to point out the oversight and leave it. 


But there is, says Hegel (q), another way of explaining the motion by means of centripetal 
and centrifugal forces. The two forces are supposed to increase and decrease gradually, according 
to different laws. In this case, there must be a point where they are equal, and in equilibrio; and 


this being the case, they will always continue equal, for there will be no reason for their going 
out of equilibrium. 
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This, which is put as another mode of explanation, is, in fact, the same mode; for, as I have 
already said, the centrifugal force, which is less than the centripetal at the aphelion, becomes the 
greater of the two before the perihelion; and there is an intermediate position, at which the two forces 
are equal. But at this point, is there no reason why, being equal, the forces should become unequal ? 
Reason abundant : for the body, being there, moves in a line oblique to the distance, and so changes 
its distance ; and the centripetal and centrifugal force, depending upon the distance by different 
laws, they forthwith become unequal. 


But these modes of explanation, by means of the centripetal and centrifugal forces and their 
relation, are not necessary to Newton’s doctrine, and are nowhere used by Newton; and undoubtedly 
much confusion has been produced in other minds, as well as Hegel’s, by speaking of the centrifugal 
force, which is a mere intrinsic geometrical result of a body’s curvilinear motion round a center, in 
conjunction with centripetal force, which is an extrinsic force, acting upon the body and urging it to 
the center. Neither Newton, nor any intelligent Newtonian, ever spoke of the centripetal and centri- 
fugal force as two distinct forces both extrinsic to the motion, which Hegel accuses them of doing. () 


I have spoken of the third and second of Kepler's laws; of Newton's explanations of them, 
and of Hegel’s criticism. Let us now, in the same manner, consider the first law, that the planets 
move in ellipses. Newton’s proof that this was the result of a central force varying inversely as 
the square of the distance, was the solution of a problem at which his contemporaries had laboured 
in vain, and is commonly looked upon as an important step. ‘* But,” says Hegel, (d) “ the proof 
gives a conic section generally, whereas the main point which ought to be proved is, that the path 
of the body is an ellipse only, not a circle or any other conic section.” Certainly if Newton had 
proved that a planet cannot move ina circle, (which Hegel says he ought to have done), his 
system would have perplexed astronomers, since there are planets which move in orbits hardly 
distinguishable from circles, and the variation of the extremity from planet to planet shews that 
there is nothing to prevent the excentricity vanishing and the orbit becoming a circle. 


“ But,” says Hegel again, (e) “the conditions which make the path to be an ellipse rather than 
any other conic section, are empirical and extraneous ;—the supposed casual strength of the im- 
pulsion originally received.” Certainly the circumstances which determine the amount of excen- 
tricity of a planet’s orbit are derived from experience, or rather, observation, It is not a part of 
Newton’s system to determine d@ priori what the excentricity of a planet’s orbit must be. A system 
that professes to do this will undoubtedly be one very different from his. And as our knowledge 
of the excentricity is derived from observation, it is, in that sense, empirical and casual. The 
strength of the original impulsion is a hypothetical and impartial way of expressing this result of 
observation. And as we see no reason why the excentricity should be of any certain magnitude, 
we see none why the fraction which expresses the excentricity should not become as large as unity, 
that is, why the orbit should not become a parabola; and accordingly, some of the bodies which 
revolve about the same appear to move in orbits of this form: so little is the motion in an ellipse, 
as Hegel says, (f) ‘* the only thing to be proved.” 


But Hegel himself has offered proof of Kepler’s laws, to which, considering his objections to 
Newton’s proofs, we cannot help turning with some curiosity. 


And first, let us look at the proof of the Proposition which we have been considering, that the 
path of a planet is necessarily an ellipse. I will translate Hegel’s language as well as I can; but 
without answering for the correctness of my translation, since it does not appear to me to conform 
to the first condition of translation, of being intelligible. The translation however, such as it is, 
may help us to form some opinion of the validity and value of Hegel’s proofs as compared with 
Newton’s. (7) 


“For absolutely uniform motion, the circle is the only path...The circle is the line returning 
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into itself in which all the radii are equal; there is, for it, only one determining quantity, the 
radius. 

“But in free motion, the determination according to space and to time come into view with 
differences. There must be a difference in the spatial aspect in itself, and therefore the form requires 
two determining quantities. Hence the form of the path returning into itself is an ellipse.” 


Now even if we could regard this as reasoning, the conclusion does not in the smallest degree 
follow. A curve returning into itself and determined by two quantities, may have innumerable 
forms besides the ellipse; for instance, any oval form whatever, besides that of the conic section. 


But why must the curve be a curve returning into itself? Hegel has professed to prove this 
previously (m) from ‘‘ the determination of particularity and individuality of the bodies in general, 
so that they have partly a center in themselves, and partly at the same time their center in another.” 
Without seeking to find any precise meaning in this, we may ask whether it proves the impossi- 
bility of the orbits with moveable apses, (which do not return into themselves,) such as the planets 
(affected by perturbations) really do describe, and such as we know that bodies must describe in all 
cases, except when the force varies exactly as the square of the distance? It appears to do so: and 
it proves this impossibility of known facts at least as much as it proves anything. 


Let us now look at Hegel’s proof of Kepler’s second law, that the elliptical sectors swept by 
the radius vector are proportional to the time. It is this: (s). 


‘**In the circle, the are or angle which is included by the two radii is independent of them. But 
in the motion [of a planet] as determined by the conception, the distance from the center and the 
arc run over in a certain time must be compounded in one determination, and must make out a whole. 
This whole is the sector, a space of two dimensions. And hence the are is essentially a Function 
of the radius vector; and the former (the arc) being unequal, brings with it the inequality of the 
radii.” 

As was said in the former case, if we could regard this as reasoning, it would not prove the 
conclusion, but only, that the arc is some function or other of the radii. 


Hegel indeed offers (¢) a reason why there must be an arc involved. This arises, he says, from 
‘the determinateness [of the nature of motion ], at one while as time in the root, at another while 
as space in the square. But here the quadratic character of the space is, by the returning of the line 
of motion into itself, limited to a sector.” 


Probably my readers have had a sufficient specimen of Hegel’s mode of dealing with these 
matters. I will however add his proof of Kepler’s third law, that the cubes of the distances are as 
the squares of the times. 


Hegel’s proof in this case (w) has a reference to a previous doctrine concerning falling bodies, 
in which time and space have, he says, a relation to each other as root and square. Falling bodies 
however are the case of only half-free motion, and the determination is incomplete. 


** But in the case of absolute motion, the domain of free masses, the determination attains its 
totality. The time as the root isa mere empirical magnitude: but as a component of the deve- 
loped Totality, it is a Totality in itself: it produces itself, and therein has a reference to itself. 
And in this process, Time, being itself the dimensionless element, only comes to a formal identity 
with itself and reaches the square: Space, on the other hand, as a positive external relation, comes 
to the full dimensions of the conception of space, that is, the cube. The Realization of the two 
conceptions (space and time) preserves their original difference. This is the third Keplerian law, 
the relation of the Cubes of the distances to the squares of the times.” 


‘* And this,” he adds, (v) with remarkable complacency, ‘‘ represents simply and immediately the 
reason of the thing :—while on the contrary, the Newtonian Formula, by means of which the Law 
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is changed into a Law for the Force of Gravity, shews the distortion and inversion of Reflexion, 
which stops half-way.” 


I am not able to assign any precise meaning to the Reflewion, which is here used as a term of 
condemnation, applicable especially to the Newtonian doctrine. It is repeatedly applied in the 
same manner by Hegel. Thus he says, (g) “that what Kepler expresses in a simple and sublime 
manner in the form of Laws of the Celestial Motions, Newton has metamorphosed into the Reflexion- 
Form of the Force of Gravitation.” 


Though Hegel thus denies Newton all merit with regard to the explanation of Kepler’s laws 
by means of the gravitation of the planets to the sun, he allows that to the Keplerian Laws 
Newton added the Principle of Perturbations (k). This Principle he accepts to a certain extent, 
transforming the expression of it after his peculiar fashion. ‘* It lies,” he says, (/) “in this: that 
matter in general assigns a center for itself: the collective bodies of the system recognize a reference 
to their sun, and all the individual bodies, according to the relative positions into which they are 
brought by their motions, form a momentary relation of their gravity towards each other.” 


This must appear to us a very loose and insufficient way of stating the Principle of Perturb- 
ations, but loose as it is, it recognises that the Perturbations depend upon the gravity of the 
planets one to another, and to the sun. And if the Perturbations depend upon these forces, one 
can hardly suppose that any one who allows this will deny that the primary undisturbed motions 
depend upon these forces, and must be explained by means of them ; yet this is what Hegel denies. 


It is evident, on looking at Hegel’s mode of reasoning on such subjects, that his views approach 
towards those of Aristotle and the Aristotelians; according to which motions were divided into 
natural and unnatural ;—the celestial motions were circular and uniform in their nature ;—and 
the like. Perhaps it may be worth while to shew how completely Hegel adheres to these ancient 
views, by an extract from the additions to the Articles on Celestial Motions, made in the last edition 


of the Encyclopedia. He says (w), 


**The motion of the heavenly bodies is not a being pulled this way and that, as is imagined 
(by the Newtonians). They go along, as the ancients said, like blessed gods’ The celestial con- 
formity is not such a one as has the principle of rest or motion external to itself. It is not right 
to say because a stone is inert, and the whole earth consists of stones, and the other heavenly 
bodies are of the same nature as the earth, therefore the heavenly bodies are inert. This conclusion 
makes the properties of the whole the same as those of the part. Impulse, Pressure, Resistance, 
Friction, Pulling, and the like, are valid only for other than celestial matter.” 

There can be no doubt that this is a very different doctrine from that of Newton. 


I will only add to these specimens of Hegel’s physics, a specimen of the logic by which he 
refutes the Newtonian argument which has just been adduced; namely, that the celestial bodies 
are matter, and that matter, as we see in terrestrial matter, is inert. He says (x), 


** Doubtless both are matter, as a good thought and a bad thought are both thoughts; but the 
bad one is not therefore good, because it is a thought.” 


Trinity Loner, 
May 2, 1849. 
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Appendia to the Memoir on Hegel's Criticism of Newton's Principia. 


Heceu. Encyclopedia (2nd Ed. 1827) Part x1., p. 250. 
C. Absolute Mechanics. 


§ 269. 

Gravitation is the true and determinate conception of material Corporeity, which (Conception) 
is realized to the Idea (zur Idee). General Corporeity is separable essentially into particular 
Bodies, and connects itself with the Element of Individuality or subjectivity, as apparent (phe- 
nomenal) presence in the Motion, which by this means is immediately a system of several Bodies. 


Universal gravitation must, as to itself, be recognised as a profound thought, although it was 
principally as apprehended in the sphere of Reflexion that it eminently attracted notice and con- 
fidence on account of the quantitative determinations therewith connected, and was supposed to 
find its confirmation in Ewperiments (Erfahrung) pursued from the Solar System down to the phe- 
nomena of Capillary Tubes.—But Gravitation contradicts immediately the Law of Inertia, for in 
virtue of it (Gravitation) matter tends owt of itself to the other (matter)—In the Conception of 
Weight, there are, as has been shewn, involved the two elements—Self-existence, and Continuity, 
which takes away self-existence. These elements of the Conception, however, experience a fate, 
as particular forces, corresponding to Attractive and Repulsive Force, and are thereby apprehended 
in nearer determination, as Centripetal and Centrifugal Force, which (Forces) like weight, act 
upon Bodies, independent of each other, and are supposed to come in contact accidentally in a 
third thing, Body. By this means, what there is of profound in the thought of universal weight 
is again reduced to nothing; and Conception and Reason cannot make their way into the doctrine 
of absolute motion, so long as the so highly-prized discoveries of Forces are dominant there. In 
the conclusion which contains the Zdea of Weight, namely, [contains this Idea] as the Con- 
ception which, in the case of motion, enters into external Reality through the particularity of the 
Bodies, and at the same time into this [Reality] and into their Ideality and self-regarding Re- 
flexion, (Reflexion-in-sich), the rational identity and inseparability of the elements is involved, 
which at other times are represented as independent. Motion itself, as such, has only its meaning 
and existence in a system of several bodies, and those, such as stand in relation to each other 
according to different determinations. 


§ 270. 

As to what concerns bodies in which the conception of gravity (weight) is realized free by itself, 
we say that they have for the determinations of their different nature the elements (momente) of 
their conception, One [conception of this kind] is the wniversal center of the abstract reference 
[of a body] to itself. Opposite to this [conception] stands the immediate, extrinsic, centreless 
Individuality, appearing as Corporeity similarly independent. ‘Those [ Bodies] however which are 
particular, which stand in the determination of extrinsic, and at the same time of intrinsic relation, 
are centers for themselves, and [also] have a reference to the first as to their essential unity. 


The Planetary Bodies, as the immediately concrete, are in their existence the most complete. 
Men are accustomed to take the Sun as the most excellent, inasmuch as the understanding 
prefers the abstract to the concrete, and in like manner the Fixed stars are esteemed higher 
than the Bodies of the Solar System. Centreless Corporeity, as belonging to externality, 
naturally separates itself into the oppusition of the lunar and the cometary Body. The laws 
of absolutely free motion, as is well known, were discovered by Kepler ;—a discovery of 
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immortal fame. Kepler has proved these laws in this sense, that for the empirical data he 
found their general expression. Since then, it, has become a common way of speaking to say 
that Newton first found out the proof of these Laws. It has rarely happened that fame has 
been more unjustly transferred from the first discoverer to another person. On this subject I 
make the following remarks. 


1. That it is allowed by Mathematicians that the Newtonian Formule may be derived 


from the Keplerian Laws. The completely immediate derivation is this: In the third Kep- 
3 2 


7 , and calling, with Newton, 
Te universal Gravitation, his expression of the effect of gravity in the reciprocal ratio of the 


square of the distances is obvious. 


2. That the Newtonian proof of the Proposition that a body subjected to the Law of 
Gravitation moves about the central body in an Ellipse, gives a Conic Section generally, 
while the main Proposition which ought to be proved is that the fall of such a Body is not a 
Circle or any other Conie Section, but an Ellipse only. Moreover, there are objections which 
may be made against this proof in itself; (Princ. Math. l. 1. Sect. 11. Prop. 1.) and although 
it is the foundation of the Newtonian Theory, analysis has no longer any need of it. The 
conditions which in the sequel make the path of the Body to a determinate Conic Section, are 
referred to an empirical circumstance, namely, a particular position of the Body at a deter- 
mined moment of time, and the caswal strength of an impulsion which it is supposed to have 
received originally; so that the circumstance which makes the Curve be an Ellipse, which 
alone ought to be the thing proved, is extraneous to the Formula. 


3. That the Newtonian Law of the so-called Force of Gravitation is in like manner only 
proved from experience by Induction. 


The sum of the difference is this, that what Kepler expressed in a simple and sublime 
manner in the Form of Laws of the Celestial Motions, Newton has metamorphosed into the 
Reflexion-Form of the Force of Gravitation. If the Newtonian Form has not only its con- 
venience but its necessity in reference to the analytical method, this is only a difference of the 
mathematical formule; Analysis has long been able to derive the Newtonian expression, and 
the Propositions therewith connected, out of the Form of the Keplerian Laws; (on this subject 
I refer to the elegant exposition in Franceur’s Traité Elém. de Mécanique, Liv. 11. Ch. xi. 
n. iv.)—The old method of so-called proof is conspicuous as offering to us a tangled web, 
formed of the Lines of the mere geometrical construction, to which a physical meaning of 
independent Forces is given; and of empty Reflexion-determinations of the already men- 
tioned Accelerating Foros and Vis Inertie, and especially of the relation of the so-called 
gravitation itself to the centripetal force and centrifugal force, and so on. 


The remarks which are here made would undoubtedly have need of a further explica- 
tion to shew how well founded they are: in a Compendium, propositions of this kind which 
do not agree with that which is assumed, can only have the shape of assertions. Indeed, 
since they contradict such high authorities, they must appear as something worse, as pre- 
sumptuous assertions. I will not, on this subject, support myself by saying, by the bye, 
that an interest in these subjects has occupied me for 25 years; but it is more precisely to 
the purpose to remark, that the distinctions and determinations which Mathematical Analysis 
introduces, and the course which it must take according to its method, is altogether different 
from that which a physical reality must have. ‘The Presuppositions, the Course, and the 
Results, which the Analysis necessarily has and gives, remain quite extraneous to the considera- 
tions which determine the physical value and the signification of those determinations and of 
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that course. To this it is that attention should be directed. We have to do with a conscious- 
ness relative to the deluging of physical Mechanics with an inconceivable (unsiglichen) 
Metaphysic, which—contrary to experience and conception—has those mathematical deter- 
minations alone for its source. 


It is recognized that what Newton—besides the foundation of the analytical treatment, 
the developement of which, by the bye, has of itself rendered superfluous, or indeed rejected 
much which belonged to Newton’s essential Principles and glory—has added to the Keplerian 
Laws is the Principle of Pertwrbations,—a Principle whose importance we may here accept 
thus far; (hier in sofern anzufuhren ist); namely, so far as it rests upon the Proposition that 
the so-called attraction is an operation of all the individual parts of bodies, as being material. It 
lies in this, that matter in general assigns a center for itself, (sich das centrum setzt), and the 
figure of the body is an element in the determination of its place ; that collective bodies of the 
system recognize a reference to their Sun, (sich ihre Sonne setzen) but also the individual 
bodies themselves, according to the relative position with regard to each other into which 
they come by their general motion, form a momentary relation of their gravity (schwere) 
towards each other, and are related to each other not only in abstract spatial relations, but at 
the same time assign to themselves a joint center, which however is again resolved [into the 
general center | in the universal system. 


As to what concerns the features of the path, to shew how the fundamental determina- 
tions of Free Motion are connected with the Conception, cannot here be undertaken in a 
satisfactory and detailed manner, and must therefore be left to its fate. The proof from reason 
of the quantitative determinations of free motion can only rest upon the determinations of 
Conceptions of space and time, the elements whose relation (intrinsic not extrinsic) motion is. 


That, in the first place, the motion in general is a motion returning into itself, is founded 
on the determination of particularity and individuality of the bodies in general (§ 269), so that 
partly they have a center in themselves, and partly at the same time their center in another. 
These are the determinations of Conceptions which form the basis of the false representatives 
of Centripetal Force and Centrifugal Force, as if each of these were self-existing, extraneous 
to the other, and independent of it; and as if they only came in contact in their operations and 
consequently externally. They are, as has already been mentioned, the Lines which must 
be drawn for the mathematical determinations, transformed into physical realities. 


Further, this motion is uniformly accelerated, (and—as returning into itself—in turn 
uniformiy retarded). In motion as free, Time and Space enter as different things which are 
to make themselves effective in the determination of the motion, (§ 266, note.) In the so- 
called Explanation of the uniformly accelerated and retarded motion, by means of the 
alternate decrease and increase of the magnitude of the Centripetal Force and Centrifugal 
Force, the confusion which the assumption of such independent Forces produces is at its 
greatest height. According to this explanation, in the motion of a Planet from the Aphelion 
to the Perihelion, the centrifugal is /ess than the centripetal force, and on the contrary, in 
the Perihelion itself, the centrifugal force is supposed to become greater than the centripetal. 
For the motion from the Perihelion to the Aphelion, this representation makes the forces pass 
into the opposite relation in the same manner. It is apparent that such a sudden conversion 
of the preponderance which a force has obtained over another, into an inferiority to the other, 
cannot be anything taken out of the nature of Forces. On the contrary it must be concluded, 
that a preponderance which one Force has obtained over another must not only be preserved, 
but must go onwards to the complete annihilation of the other Force, and the motion must 
either, by the Preponderance of the Centripetal Force, proceed till it ends in rest, that is, in 
the Collision of the Planet with the Central Body, or till by the Preponderance of the Centri- 
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(q) fugal Force it ends in a straight line. But now, if in place of the suddenness of the conversion, 


(r) 


(s) 


(4) 


we suppose a gradual increase of the Force in question, then, since rather the other Force ought 
to be assumed as increasing, we lose the opposition which is assumed for the sake of the ex- 
planation; and if the increase of the one is assumed to be different from that of the other, 
(which is the case in some representations,) then there is found at the mean distance between 
the apsides a point in which the Forces are in equilibrio. And the transition of the Forces 
out of Equilibrium is a thing just as little without any sufficient reason as the aforesaid 
suddenness of inversion. And in the whole of this kind of explanation, we see that the 
mode of remedying a bad mode of dealing with a subject leads to newer and greater confu- 
sion.—A similar confusion makes its appearance in the explanation of the phzenomenon that 
the pendulum oscillates more slowly at the equator. This phznomenon is ascribed to the 
Centrifugal Force, which it is asserted must then be greater; but it is easy to see that we 
may just as well ascribe it to the augmented gravity, inasmuch as that holds the pendulum 
more strongly to the perpendicular line of rest. 


§ 240. 

And now first, as to what concerns the Form of the Path, the Cirele only can be conceived 
as the path of an absolutely uniform motion Conceivable, as people express it, no doubt it 
is, that an increasing and diminishing motion should take place in a circle. But this con- 
ceivableness or possibility means only an abstract capability of being represented, which leaves 
out of sight that Determinate Thing on which the question turns. 


The Circle is the line returning into itself in which all the radii are equal, that is, it is 
completely determined by means of the radius. There is only one Determination, and that 
is the whole Determination. 


But in free motion, in which the Determinations according to space and according to time 
come into view with Differences, in a qualitative relation to each other, this Relation appears 
in the spatial aspect as a Difference thereof in itself, which therefore requires two Deter- 
minations, Hereby the Form of the path returning into itself is essentially an Ellipse. 


The abstract Determinateness which produces the circle appears also in this way, that the 
are or angle which is included by two Radii is independent of them, a magnitude with regard 
to them completely empirical. But since in the motion as determined by the Conception, the 
distance from the center, and the are which is run over in a certain time, must be compre- 
hended in one determinateness, [and] make out a whole, this is the sector, a space-deter- 
mination of two dimensions: in this way, the are is essentially a Function of the Radius 
vector; and the former (the arc) being unequal, brings with it the inequality of the Radii. 
That the determination with regard to the space by means of the time appears as a Deter- 
mination of two Dimensions,—as a Superficies-Determination,—agrees with what was said 
before (9 266) respecting Falling Bodies, with regard to the exposition of the same Deter- 
minateness, at one while as Time in the root, at another while as Space in the square. Here, 
however, the Quadratic character of the space is, by the returning of the Line of motion into 
itself, limited to a Sector. These are, as may be seen, the general principles on which the 
Keplerian Law, that in equal times equal sectors are cut off, rests. 


This Law becomes, as is clear, only the relation of the are to the Radius Vector, and the 
Time enters there as the abstract Unity, in which the different Sectors are compared, because 
as Unity it is the Determining Element. But the further relation is that of the Time, not 
as Unity, but as a Quantity in general,—as the time of Revolution—to the magnitude of the 
Path, or, what is the same thing, the distance from the center. As Root and Square, we saw 
that Time and Space had a relation to each other, in the case of Falling Bodies, the case of 
half-free motion—because that {motion | is determined on one side by the conception, on the 
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other by external [conditions]. But in the case of absolute motion—the domain of free 
masses—the determination attains its Totality. The Time as the Root is a mere empirical 
magnitude; but as a component (moment) of the developed Totality, it is a Totality in 
itself,—it produces itself, and therein has a reference to itself;—-as the Dimensionless 
Element in itself, it only comes to a formal identity with itself, the Square; Space, on the 
other hand, as the positive Distribution (aussereinander) [comes] to the Dimension of the 
Conception, the Cusr. Their Realization preserves their original difference. This is the 
third Keplerian Law, the relation of the Cubes of the Distances to the Squares of the 
Times ;—a Law which is so great on this account, that it represents so simply and imme- 
diately Reason as belonging to the thing: while on the contrary the Newtonian Formula, by 
means of which the Law is changed into a Law for the Force of Gravity, shews the Distortion, 
Perversion and Inversion of Reflewion which stops half-way. 


Additions to new Edition.  § 269. 


The center has no sense without the circumference, nor the circumference without the center. 
This makes all physical hypotheses vanish which sometimes proceed from the center, some- 
times from the particular bodies, and sometimes assign this, sometimes that, as the original 
jcause of motion]...It is silly (lippisch) to suppose that the centrifugal force, as a tendency to 
fly off in a Tangent, has been produced by a lateral projection, a projectile force, an impulse 
which they have retained ever since they set out on their journey (von Haus aus). Such 
casualty of the motion produced by external causes belongs to inert matter; as when a stone 
fastened to a thread which is thrown transversely tries to fly from the thread. We are not 
to talk in this way of Forces. If we will speak of Force, there is one Force, whose elements 
do not draw bodies to different sides as if they were two Forces. The motion of the heavenly 
bodies is not a being pulled this way or that, such as is thus imagined ; it is free motion: they 
go along, as the ancients said, as blessed Gods (sie gehen als selige Gétter einher). The 
celestial corporeity is not such a one as has the principle of rest or motion external to itself. 
Because stone is inert, and all the earth consists of stones, and the other heavenly bodies are of 
the same nature,—is a conclusion which makes the properties of the whole the same as those of 
the part. Impulse, Pressure, Resistance, Friction, Pulling, and the like, are valid only for 
an existence of matter other than the celestial. Doubtless that which is common to the two is 
matter, as a good thought and a bad thought are both thoughts; but the bad one is not 
therefore good, because it is a thought. 


LIT. Discussion of a Differential Equation relating to the breaking of Railway Bridges. 
By G. G. Sroxes, M.A., Fellow of Pembroke College, Cambridge. 


[Read May 21, 1849.9 


To explain the object of the following paper, it will be best to relate the circumstance which 
gave rise toit. Some time ago Professor Willis requested my consideration of a certain differential 
equation in which he was interested, at the same time explaining its object, and the mode of ob- 
taining it. The equation will be found in the first article of this paper, which contains the sub- 
stance of what he communicated to me. It relates to some experiments which have been 
performed by a Royal Commission, of which Professor Willis is a member, appointed on the 
27th of August, 1847, ‘‘ for the purpose of inquiring into the conditions to be observed by engineers 
in the application of iron in structures exposed to violent concussions and vibration.” The object 
of the experiments was to examine the effect of the velocity of a train in increasing or decreasing 
the tendency of a girder bridge over which the train is passing to break under its weight. In order 
to increase the observed effect, the bridge was purposely made as slight as possible : it consisted in 
fact merely of a pair of cast or wrought iron bars, nine feet long, over which a carriage, variously 
loaded in different sets of experiments, was made to pass with different velocities. The remarkable 
result was obtained that the deflection of the bridge increased with the velocity of the carriage, 
at least up to a certain point, and that it amounted in some cases to two or three times the central 
statical deflection, or that which would be produced by the carriage placed at rest on the middle 
of the bridge. It seemed highly desirable to investigate the motion mathematically, more especially 
as the maximum deflection of the bridge, considered as depending on the velocity of the carriage, 
had not been reached in the experiments*, in some cases because it corresponded to a velocity 
greater than any at command, in others because the bridge gave way by the fracture of the bars 
on increasing the velocity of the carriage. The exact calculation of the motion, or rather a cal- 
culation in which none but really insignificant quantities should be omitted, would however + 
extremely difficult, and would require the solution of a partial differential equation with art srainary 
differential equation for one of the equations of condition by which the arbitrary functions would 
have to be determined. In fact, the forces acting on the body and on any element of the bridge 
depend upon the positions and motions, or rather changes of motion, both of the body itself and 
of every other element of the bridge, so that the exact solution of the problem, even when the de- 
flection is supposed to be small, as it is in fact, appears almost hopeless. 


In order to render the problem more manageable, Professor Willis neglected the inertia of the 
bridge, and at the same time regarded the moving body as a heavy particle. Of course the masses 
of bridges such as are actually used must be considerable; but the mass of the bars in the ex- 
periments was small compared with that of the carriage, and it was reasonable to expect a near 
accordance between the theory so simplified and experiment. This simplification of the problem 
reduces the calculation to an ordinary differential equation, which is that which has been already 
mentioned ; and it is to the discussion of this equation that the present paper is mainly devoted. 

This equation cannot apparently be integrated in finite terms, except for an infinite number 
of particular values of a certain constant involved in it; but I have investigated rapidly con- 
vergent series whereby numerical results may be obtained. By merely altering the scale of the 


* The details of the experiments will be found in the Report of the Commission, to which the render is referred. 
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abscisse and ordinates, the differential equation is reduced to one containing a single constant (3, 
which is defined by equation (5). The meaning of the letters which appear in this equation will 
be seen on referring to the beginning of Art. 1. For the present it will be sufficient to observe 
that @ varies inversely as the square of the horizontal velocity of the body, so that a small value 
of corresponds to a high velocity, and a large value to a small velocity. 


It appears from the solution of the differential equation that the trajectory of the body is 
unsymmetrical with respect to the centre of the bridge, the maximum depression of the body 
occurring beyond the centre. The character of the motion depends materially on the numerical 
value of 8. When Bis not greater than 1, the tangent to the trajectory becomes more and more 
inclined to the horizontal beyond the maximum ordinate, till the body gets to the second extremity 
of the bridge, when the tangent becomes vertical. At the same time the expressions for the central 
deflection and for the tendency of the bridge to break become infinite. When # is greater than 
4, the analytical expression for the ordinate of the body at last becomes negative, and afterwards 
changes an infinite number of times from negative to positive, and from positive to negative. 


The expression for the reaction becomes negative at the same time with the ordinate, so that in 
fact the body leaps. 


The occurrence of these infinite quantities indicates one of two things: either the deflection 
really becomes very large, after which of course we are no longer at liberty to neglect its square ; 
or else the effect of the inertia of the bridge is really important. Since the deflection does not 
really become very great, as appears from experiment, we are led to conclude that the effect of the 
inertia is not insignificant, and in fact I have shewn that the value of the expression for the vis 
viva neglected at last becomes infinite. Hence, however light be the bridge, the mode of approx- 
imation adopted ceases to be legitimate before the body reaches the second extremity of the bridge, 
although it may be sufficiently accurate for the greater part of the body’s course. 


In consequence of the neglect of the inertia of the bridge, the differential equation here dis- 
cussed fails to give the velocity for which 7’, the tendency to break, is a maximum. When # is 
a good deal greater than 1, 7' is a maximum at a point not very near the second extremity of the 
bridge, so that we may apply the result obtained to a light bridge without very material error. 
Let 7’, be this maximum value. Since it is only the inertia of the bridge that keeps the tendency 
to break from becoming extremely great, it appears that the general effect of that inertia is to 
preserve the bridge, so that we cannot be far wrong in regarding 7’, as a superior limit to the 
actual tendency to break. When #3 is very large, J; may be calculated to a sufficient degree of 
accuracy with very little trouble. 


Experiments of the nature of those which have been mentioned may be made with two distinct 
objects ; the one, to analyze experimentally the laws of some particular phenomenon, the other, to 
apply practically on a large scale results obtained from experiments made on a small scale, With 
the former object in view, the experiments would naturally be made so as to render as conspicuous 
as possible, and isolate as far as might be, the effect which it was desired to investigate ; with the 
latter, there are certain relations to be observed between the variations of the different quantities 
which are in any way concerned in the result. These relations, in the case of the particular problem 
to which the present paper refers, are considered at the end of the paper. 


1, It is required to determine, in a form adapted to numerical computation, the value of y in 
terms of a’, where y’ is a function of 2’ defined by satisfying the differential equation 
d*y’ by’ 
ah 2: = ane SIaTS 72\2 9 Sot eecerccecs (1) 
dx* (2cH” — ax”) 
with the particular conditions 
; dy 
da’ 


= 0, when a’ = 0, ......... (2) 
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the value of y' not being wanted beyond the limits 0 and 2e of w. It will appear in the course 
of the solution that the first of the conditions (2) is satisfied by the complete integral of (1), while 
the second serves of itself to determine the two arbitrary constants which appear in that integral. 


The equation (1) relates to the problem which has been explained in the introduction. It was 
obtained by Professor Willis in the following manner. In order to simplify to the very utmost the 
mathematical calculation of the motion, regard the carriage as a heavy particle, neglect the inertia 
of the bridge, and suppose the deflection very small. Let 2’, y’ be the co-ordinates of the moving 
body, # being measured horizontally from the beginning of the bridge, and y’ vertically downwards. 
Let M be the mass of the body, V its velocity on entering the bridge, 2¢ the length of the bridge, 
g the force of gravity, S' the deflection produced by the body placed at rest on the centre of the 
bridge, R the reaction between the moving body and the bridge. Since the deflection is very 
small, this reaction may be supposed to act vertically, so that the horizontal velocity of the body 
will remain constant, and therefore equal to V. The bridge being regarded as an elastic bar or 
plate, propped at the extremities, and supported by its own stiffness, the depth to which a weight 
will sink when placed in succession at different points of the bridge will vary as the weight 
multiplied by (2ea' — a)’, as may be proved by integration, on assuming that the curvature is 
proportional to the moment of the bending force. Now, since the inertia of the bridge is neglected, 
the relation between the depth y’ to which the moving body has sunk at any instant antl the 
reaction R will be the same as if R were a weight resting at a distance 2’ from the extremity of 
the bridge; and we shall therefore have 

= CR (ew — v”)’, 
C being a constant, which may be determined by observing that we must have y’ = S when R = Mg 


and a’ =c¢; whence 
S 


~ M gc" 
We get therefore for the equation of motion of the body 
d*y’ gety’ 


dicey eS (2ca’ — a)?” 
' , dx’ 
which becomes on observing that Tae V 
dy g get y’ 


da? VO VAS! Cea! =a?) 


which is the same as equation (1), @ and b being defined by the equations 


g& 
a Zo 


2. To simplify equation (1) put 
a’ = 2ca, y = 16c'ab-'y, b = 4°, 
which gives 


G@ oye 


It is to be observed that w denotes the ratio of the distance of the body from the beginning of 
the bridge to the length of the bridge; y denotes a quantity from which the depth of the body 
below the horizontal plane in which it was at first moving may be obtained by multiplying by 
16 ctab-! or 16.8; and (3, on the value of which depends the form of the body’s path, is a constant 
defined by the equation 
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3. In order to lead to the required integral of (4), let us first suppose that # is very small. 
Then the equation reduces itself to 


GY i PY 


da® 


ee eee) 


a” 


of which the complete integral is 


Ba* 
2+ 
and (7) is the approximate integral of (4) for very small values of a. Now the second of equations 
(2) requires that A = 0, B = 0,* so that the first term in the second member of equation (7) is 
the leading term in the required solution of (4). 


y= Ame Ee aD gan terete (7) 


4, Assuming in equation (4) y = (w — a’) x, we get 
d’ 5 
aa {(a — a°)?s} + Bs'= B. .....0--. (8) 
Since (4) gives y = (w — 2°)’ when B= o, and (5) gives 8= @ when V =O, it follows that 
is the ratio of the depression of the body to the equilibrium depression. It appears also from 


Art. 3, that for the particular integral of (8) which we are seeking, z is ultimately constant when w 
is very small. 


To integrate (8) assume then 
= A,+A,a+ Aja’ +... => A;2,...... (9) 
and we get 
= (+2) + 1) 4a - 22 + 3) G+ 2) Aya't) + D (4 4) G4 3) A,0'** + BTA; 2' = B, 
or 
= f[G@+ 1) @+ 2) +B] 4; - 2 @ +1) @ +2) A) + © +1) (1 + 2) Aj_o} a’ = B, ... (10) 


where it is to be observed that no coefficients A; with negative suffixes are to be taken. 


Equating to zero the coefficients of the powers 0, 1, 2...of a in (10), we get 
(2+ p) A)= PB, 
(6 + 8) A, — 124, =0, &e. 
and generally 
{i+ 1) @ +2) + Bt A; - 2 (6 + 1) @ +2) A,_, + @ +1) (6 + 2) A,_. =... (11) 


The first of these equations gives for A, the same value which would have been got from (7). 
The general equation (11), which holds good from i=1 to i= c, if we conventionally regard 
A_, as equal to zero, determines the constants 4), A., A;... one after another by a simple and 
uniform arithmetical process. It will be rendered more convenient for numerical computation by 
putting it under the form 


= | Ae eg { B 


~ +1) @4+2)4+8 


‘ 


* When B>}, the last two terms in (7) take the form a { Ccos 
(qlog#)+Dsin(q log x) }; and if y, denote this quantity we cannot 


1 


in strictness speak of the limiting value of a whenw=0. If we 


Lx 
give x asmall positive value, which we then suppose to decrease 


7 ; d F A . 
indefinitely, fa will fluctuate between the constantly increasing 


limits + a-? V7 {(3C +qD)?+(4D—qC)?}, or a-?vV { B(C? 
+D*)}, since g=v(B-}). But the body is supposed to enter 
the bridge horizontally, that is, in the direction of a tangent, since 
the bridge is supposed to be horizontal, so that we must clearly 
have C?4+D?=0, and therefore C=0, D=0. When B=} the 
last two terms in (7) take the form a? (# + Flog a), and we must 
evidently have E=0, F=0. 
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for it is easy to form a table of differences as we go along; and when i becomes considerable, the 
quantity to be subtracted from 4;_, + AA,_., will consist of only a few figures. 


5. When é becomes indefinitely great, it follows from (11) or (12) that the relation between 
the coefficients 4; is given by the equation 


Ai DEA 25 se AY = Os teiceh ss les is taaC eeu te (18) 


of which the integral is 
Asi it (GC, Metesassc ta atees tes douoetiees vad boaccase (14) 


Hence the ratio of consecutive coefficients is ultimately a ratio of equality, and therefore the 
ratio of the (i + 1)th term of the series (9) to the ith is ultimately equal to 2. Hence the series is 
convergent when @ lies between the limits —1 and +13 and it is only between the limits 0 and 1 
of a that the integral of (8) is wanted. The degree of convergency of the series will be ultimately 
the same as in a geometric series whose ratio is . 


6. When « is moderately small, the series (9) converges so rapidly as to give x with little 
trouble, the coefficients 4,, A.... being supposed to have been already calculated, as far as may be 
necessary, from the formula (12). For larger values, however, it would be necessary to keep in a 
good many terms, and the labour of calotilatign might be abridged in the following manner. 


When i is very large, we have seen that equation (12) reduces itself to (13), or to A*4;_, = 0, 
or, which is the same, A*A;=0. When i is large, A* 4; will be small; in fact, on substituting 
in the small term of (12) the value of 4; given by (14), we see that A*4; is of the order i-!. Hence 
ASA; A‘A, ... will be of the orders i~*, i-*..., so that the successive differences of A, will rapidly 
decrease. Suppose é terms of the series (9) to have been calculated directly, and let it be required 
to find the remainder. We get by finite integration by parts 

é i+1 +2 
= A,a' = const. + 4,7 “i sy ea CP = 
-1 (vw - 1) (w -1)° 


and taking the sum between the Hack a Bees co we get 
min? z a 3 
-) +4, (: ) Pe Neco aah i} 


+ AA, ( 
v 1 
x will however presently be made to depend on series so rapidly convergent that it will hardly be 


worth while to employ the series (15), except in calculating the series (9) for the particular value 4 


of v, which will be found necessary in order to determine a certain arbitrary constant *. 


ww ey 


? ; @ 
A;o' + A;,,a'*! +... to inf. = a" {445 a 


7. If the constant term in equation (4) be omitted, the equation reduces itself to 


ad q 
AL a ee en 
da (@@ — a*)* 
The form of this equation suggests that there may be an integral of the form y = e(1 — 2)". 


Assuming this expression for trial, we get 


(w@ -— 2°) = = a" (1 -2w)" {m (m — 1) (1 - a)’ — 2mnv (1 — x) +n(n—-1) a} 
7 

=y {m(m—1) —2m(m+n—-1)x+(m+n)(m+n— 1) a*t. 
The second member of this equation will be proportional to y, if 


WE FM = OS cance Sac en ciccse eat (en) 


* A mode of calculating the value of = for 2=4 will presently be given, which is easier than that here mentioned, unless § be very 


large. See equation (42) at the end of this paper. 
AY 2 
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and will be moreover equal to — By, if 
MM = +S) =O» leasteccieneiee sess eee (LS) 


It appears from (17) that m, m are the two roots of the quadratic (18). We have for the 
complete integral of (16) 


y = Aa® (1 — 2)" + Ba®(1 = 2). .ccscsceeeeecee (19) 


The complete integral of (4) may now be obtained by replacing the constants 4, B by functions 
R, S of x, and employing the method of the variation of parameters. Putting for shortness 


a" (1 —2)"=u, a" (1 — 2)" =2, 


we get to determine # and S' the equations 


dR ds 5 
u—+vU— = 
da” dz” 
dudR dvdS B 
da dx deda " 
d dv 
Sinvesp ne oa n, we get from the above equations 
da dx 
aR “Bo 30s. Bu 
da m—-n’ dx m-—-n’ 


whence we obtain for a particular integral of (4) 


ies eS fe ¢! -y [wo —a)"da-a"(i - ayn [am (ay ao} vesees (20) 


and the complete integral will be got by adding together the second members of equations (19), 
(20). Now the second member of equation (20) varies ultimately as a*, when « is very small, 
and therefore, as shewn in Art. 3, we must have 4 = 0, B =0, so that (20) is the integral we want. 


When the roots of the quadratic (18) are real and commensurable, the integrals in (20) satisfy 
the criterion of integrability, so that the integral of (4) can be expressed in finite terms without 
the aid of definite integrals. The form of the integral will, however, be complicated, and y may 
be readily calculated by the method which applies to general values of p. 


8. Since [% F (w) dx = fj F (w) da - f,-* F (1 — 2) da, we have from (20) 
y eames fa" (1 — a)" foa" (1 — 2)"da - a" (1- 2)" fh 2" (1 - a)" da}, 
m—n 


: a — fa" (1a) fF (1 — a) ada — a" (1 — a)" fo" (1 — a) a" da. 


If we put f(x) for the second member of equation (20), the equation just written is 
equivalent to 


f(@) =f C= 2) +P @)y cae. seceecesece. enzone(21) 


where 


B 


m—-n 


p(2) = 


Now since m+ 7” = 1, 


fa" (1 — a)" fia* (1 — 2)"dae —a* (1-2) fja" (1 — a)" da ... (22) 


s™ds 


fa" a- w)" are Joo (#7) -1)"da = - for (w —1)” w dw = —- i) a+) 
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At the limits «© =0 and e=1, we have w= and w=1, s=o ands = 0, whence if J denote 
the definite integral, 


T= fia" (1 -2)"da = f= qa 
We get by integration by parts 
s"ds Su m rs"—‘ds 
GQ+s) 204s 2/48) 


and again by a formula of reduction 


sade s™ ( ) S"a ds 
_ ueeeppabany ales 
(l1+s)’ 1+s 1+s 


Now £ being essentially positive, the roots of the quadratic (18) are either real, and comprised 
between 0 and 1, or else imaginary with a real part equal to 4. In either case the expressions 
which are free from the integral sign vanish at the limits s = 0 and s = #, and we have therefore, 
on replacing m (1 — m) by its value #3, 


1+s 


B s"—1ds 
ee fie cra 


The function  (v) will have different forms according as the roots of (18) are real or imaginary. 
First suppose the roots real, and let m = 4 +7, n =1 —7, so that 


2 
r= i-£. Mesa TI eto 5 cb teased (23) 
In this case m is a real quantity lying between 0 and 1, and we have therefore by a known formula 
Costas 7 7 
iE =- = “ea eee by nt (24) 
0 1+68s smm7 CosTr7 


whence we get from (22), observing that the two definite integrals in this equation are equal to each 


other, 
p(x) = al Jaz ( = )-( = Vodice aerate) 


47 COS T'7r 1-w@ 1-—@ 


This result might have been obtained somewhat more readily by means of the properties of the 
first and second Eulerian integrals. 


When £ becomes equal to 1, 7 vanishes, the expression for p(w) takes the form §, and we 
easily find 


Vv 


$(«) = — Va — a log ee roa co(36) 


32 1-@ 


When B> 4, the roots of (18) become imaginary, and r becomes p \/ — 1, where 


Pi AP Diath sstepnte +> (27) 
The formula (25) becomes 

Bex x 
p(r) 7» ple” i e-em) 


) MARRS es (28) 


Jw — gy sin (plog 
V f 2 i-@ 


If f(«) be calculated from a = 0 to w = 4, equation (21) will enable us to calculate it readily 
from w = 4 tow =1, since it is easy to calculate (2). 


9. A series of a simple form, which is more rapidly convergent than (9) when x approaches 
the value 4, may readily be investigated. 
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Let « = 4(1 + w); then substituting in equation (8) we get 


1? 
: CMM) he Mey 6) Chae tee a. ((CI2)) 


dw* 


i 
BT 
Assume 
ad = B, + B, AO ETE NAD ote hPL OD aaa eeeectetelsieree sees (30) 
then substituting in (29) we get 
DB, {2i(2i — 1) w**-*— 2(27 + 2) (Qi + 1) wt + (i + 4) (27 + 3) w**? + 4Bw't = 48, 
or, 
= fi(2¢ — 1) B,— 2[i(@t- 1) - BI B,_1+i(@i-1)B,_,}w** = 28. 
This equation leaves By arbitrary, and gives on dividing by i (27 - 1), and putting in succession 


ESS RRO OR 


B, -—2 (1 - tl Boj ie Bawee cae ceelese -@apeniees (8): 


B,-2 (: - PY By + By =0, &e. 
Jes) 
and generally when i> 1, 
9 
B; = B,_\+ A B25 = one ran By viesicte daiese colle sis (32). 


Near 2 


The constants B,, B,,... being thus determined, the series (30) will be an integral of equation 
(29), containing one arbitrary constant. An integral of the equation derived from (29) by replacing 
the second member by zero may be obtained in just the same way by assuming = = C, w + C,w*+... 
when C;, C,... will be determined in terms of C,, which remains arbitrary. The series will both be 
convergent between the limits w =—- 1 and w =1, that is, between the limits #=0 and wv =1. 
The sum of the two series will be the complete integral of (29), and will be equal to (w — a”)~*f (a) 
if the constants B,, C, be properly determined. Denoting the sums of the two series by F, (w), 
F, (w) respectively, and writing o (v) for (w — a*)~*f (x), so that x =o (), we get 


o (wv) = F,(w) + F,(w), o (1 - @) = F, (w) — Fy (w)s 
and since 2F, (w) =o (wv) — o (1 — ) = (w — a*)~*  (@) by (21), we get 
o (a) =F, (w) + 3 (w- 2’)? p(a), o 1-2) = F,(w) — 4 (@ - 2°)? p (a)... (33). 
To determine B, we have 
Bo = GG) precieececacccrncetes act sede teaecten eae tease) 


which may be calculated by the series (9). 


10. The series (9), (30) will ultimately be geometric series with ratios a, w?, or w, (2# —1)’, 
respectively. Equating these ratios, and taking the smaller root of the resulting quadratic, we 
get v=. Hence if we use the series (9) for the calculation of « (wv) from w =0 to a= 14, and 
(30) for the calculation of o (w) from # =1 tow = 4, we shall have to calculate series which are 
ultimately geometric series with ratios ranging from 0 to 1. 


Suppose that we wish to calculate « (w) or x for values of w increasing by .02. The process 
of calculation will be as follows. From the equation (2 + 3) 4,= 3 and the general formula (12), 
calculate the coefficients 4), 4), 4»... as far as may be necessary. From the series (9), or else from 
the series (9) combined with the formula (15), calculate ¢ (4) or B,, and then calculate By, B... 
from equations (31), (32). Next calculate ¢ (w) from the series (9) for the values .02, .04,....26 
of v, and F,(w) from (30) for the values .04, .08...,.44 of w, and lastly (# - a)" (aw) for the 
values .52, .54..., .98 of w. Then we havec (wv) calculated directly from # = 0 to v = .26; equa- 
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tions (33) will give o(v) from # =.28 to v=.72, and lastly the equation ¢ (#7) =o (1 - 2) 
+ (w — 2°) (2) will give o (#) from # = .74 to # =1. 


11. The equation (21) will enable us to express in finite terms the vertical velocity of the 
body at the centre of the bridge. For according to the notation of Art. 2, the horizontal and 


: i ; d.2 
vertical coordinates of the body are respectively 2cw and 16Sy, and we have also = = JV, 


whence, if v be the vertical velocity, we get 
d.16Sydx 8SV 
rick 
But (21) gives f’ (4) = 4 ¢' (4), whence if v, be the value of v at the centre, we get 
Le 4a SV (3° Re 827 SVB? 


a suainesiesisisiosioinsie Sains 35 
ccosT 7m’ c (7+ aoe ( ) 


according as 3 <> 1. 

In the extreme cases in which V is infinitely great and infinitely small respectively, it is evi- 
dent that v, must vanish, and therefore for some intermediate value of V, v, must be a maximum, 
Since V < (3-2 when the same body is made to traverse the same bridge with different velocities, 
v, will be a maximum when p or q is a minimum, where 


= 23-4 cosra, q= 6 ~# (e7+ 7"). 
Putting for cos rq its expression in a continued product, and replacing r by its expression in 


terms of 3, we get 
1-43 1 — 43) 
p= s8-*(1- = ) (1 - os RAE Pet 


0 


whence 
dlog p 1 1 1 3 
ee errr 610) 
d B 2B" 1.248 2.3+B- ihe 
dlo 


The same expression would have been obtained for 84% Call the second member of equa- 


tion (36) F (3), and let — N, P be the negative and positive parts respectively of F (3). When 
1 1 5 

B=0,N=c,and P= San cae ae and therefore F (3) is negative. When § becomes 

infinite, the ratio of P to N becomes infinite, and therefore F (3) is positive when {3 is sufficiently 

large; and F' () alters continuously with 8. Hence the equation F (8) = 0 must have at least 


one positive root. But it cannot have more than one; for the rates of proportionate decrease of 
li dNwi 1 dP 
Ndp’” Pdp’ 
1 (1.24 B)-?+(@.3+ 8) *+... 
B’ G-24 Ba + @-S+4 B)- 14 0 
and the several terms of the denominator of the second of these expressions are equal to those of 
the numerator multiplied by 1.2 + 8, 2.3 +4 3,... respectively, and therefore the denominator is 
equal to the numerator multiplied by a quantity greater than 2 + 3, and therefore greater than 8; 


the quantities N, P, or — are respectively 


ey vite 1 : : > . 
so that the value of the expression is less than =. Hence for a given infinitely small increment of 


3 the change — dN in N bears to N a greater ratio than —dP bears to P, so that when W is 
greater than or equal to P it is decreasing more rapidly than P, and therefore after having once 
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become equal to P it must remain always less than P. Hence v, admits of but one maximum 
or minimum value, and this must evidently be a maximum. 


1 1 
When 6 = 1, N = 2, and P< RS a oR iia <1, and therefore F'(() has the same sign 


as ae B is indefinitely small. Hence it is g and not p which becomes a minimum. Equating 


— to zero, employing (27), and putting 2ap = log.¢, we find 


¢ iB 
6(¢ + 1) 
C-1 
The real positive root of this equation will be found by trial to be 36.3 nearly, which gives 
p=.5717, B=1 +p’ =.5768. If V, be the velocity which gives v, a maximum, v, the maximum 
value of v,, U the velocity due to the height S$, we get 


a U sr S 
ge 8 aT ide — V,, whence 
G+ C3 


= log.¢ + 7° (log.¢)*. 


V, = .4655 = U, v, = .6288U. 


12. Conceive a weight W placed at rest on a point of the bridge whose distance from the 
first extremity is to the whole length as # to1. The reaction at this extremity produced by W will 
be equal to (1 — «) IV, and the moment of this reaction about a point of the bridge whose abscissa 
2x, is less than 2ew will be 2c(1 — w)a,W. This moment measures the tendency of the bridge to 
break at the point considered, and it is evidently greatest when x,=., in which case it becomes 
2c(1-a)aW. Now, if the inertia of the bridge be neglected, the pressure R produced by the 
moving body will be proportional to (# — a*)~*y, and the tendency to break under the action of a 
weight equal to R placed at rest on the bridge will be proportional to (1 — x) # x (wv —.a°)~*y, or to 
(v —a®)z. Call this tendency 7’, and let 7’ be so measured that it may be equal to 1 when the moving 
body is placed at rest on the centre of the bridge. Then 7'= C (w — 2*)x, and 1 = C (4 — 4), whence 


T=4(# —2") x. 


The tendency to break is actually liable to be somewhat greater than 7’, in consequence of the 
state of vibration into which the bridge is thrown, in consequence of which the curvature is alternately 
greater and less than the statical curvature due to the same pressure applied at the same point. In 
considering the motion of the body, the vibrations of the bridge were properly neglected, in con- 
formity with the supposition that the inertia of the bridge is infinitely small compared with that of 
the body. 


The quantities of which it will be most interesting to calculate the numerical values are x, 
which expresses the ratio of the depression of the moving body at any point to the statical depression, 
T, the meaning of which has just been explained, and y,, the actual depression. When x has been 
calculated in the way explained in Art. 10, 7’ will be obtained by multiplying by 4(# — a”), and 


then 5 will be got by multiplying 7' by 4 (v — «*). 


13. The following Table gives the values of these three ge for each of four values of {, 
namely 5, +5 4, and 4, to which correspond 7 = = r=0, p=4, p=1, respectively. In performing 
the calculations I have retained five decimal places in caleclakine tHe coefficients A,, 4), 4.... and B,, 
B,, B,... and four in calculating the series (9) and (30). iia calculating @ (w) I have used four- 
figure logarithms, and I have retained three figures in the result. The calctilations have not been 
eeeaniined: except occasionally, when an irrepularity in the numbers indicated an error. 
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-111 
-115 
-120 


-125 


+130) 


.136 | 
.142 | 
.148 | 
155 
.162 
.170 
-179 
.188 
.198 
.208 
:220 
232 | 
246 
261 
217 | 
295 
314) 


22 


+00 
.360 
386 
416 | 
449 
487 | 
.529 | 
578 | 
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.697 
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-829 
870 
916 
-966 


.02 


an el ee | 
F, ‘ io 
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.099 
109 | 


-120 
131 


143 | 
-155 | 
-169 | 
182} 


198 


.214| 


| 
231 


.250 
.270 


+292 


316 | 


342 


.370| 


401 
435 
A473 


516 


-000 
-009 
-018 


-028 


-038 


-049 | 


-060 
-O71 
-083 
-096 
-109 


123 


-137 
-152 
168 
+185 


-202 


mt wD D 
> or 


oo 
“1 (9 ~I 69 


ix on & 
io) 


| .000 
.016)} 
.03 
051 
.069 
.087 | 
.107 | 
aT 

| .148 
.170| 
.193 | 
27, 
1242 
.267 
.296 

| .824| 
354 
386 
419 
453 
489 
.527 
568 | 
611 
656 


.705 


(9/ 

.812 

871 
| .935 | 
1.00 
1.08 
1.16 
11.25 
1.3 
11.56 


Or 
rhs) 


Or 
ies) 


.080 | 
.092 | 
104 
118 | 
132 | 
150] 
.162 
.178 | 
.195 | 
-213 | 
231 
-250 
-270| 


.290 
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.690 | 
.000 | 


.699 | 1. 


-000 | 


.000 | 000 
.001| .001| 
003, .005 
006) 011) 
011} .020| 
018) .032| 
1025, .045 
.034) .061 
.045| .080 | 
057 100, 
.070| .124. 
084, .149 
100, .176| 
117} .206| 
135| .239 
155| .272 
.176| .308 
198) .346 
292 .386 
240) .427 
272 ‘470| 
-298| .513 
826 .560 
847 | .607 
-385| .655 
.416| .705 
448) .755 
.481| .807| 
514) .859 
548] .911| 
584! 964. 
619 | 1.02 | 
654 1.07 
-692 | 1.12 
-728 | 1.17 
765 | 1.22 | 
801 1.26 
-830/ 1.30 | 
8741.34 
908 | 1.38 | 
.933 | 1.40 
972 | 1.42 
00 | 1.43 | 
00 | 1.43 | 
04 (1.41 | 
05 |1.37 | 
05 | 1.80 | 
00 | 1.18 | 
00 | .987 
-857| .652 
.000 | 


1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
] 
1 
1 
1 


.802 
.869 
939 
OL 
-10 
-14 


21 


46 
-51 
55 
-59 
-62 
64 
65 
-66 
64 


61 


56 


49 


39 
-25 
-09 
883 
.630 
.318 
014 
404 
-000 
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14. Let us first examine the progress of the numbers. For the first two values of B, x 
increases from a small positive quantity up to © as # increases from 0 to 1. As far as the 
table gues, x is decidedly greater for the second of the two values of 8 than for the first. It 
is easily proved however that before w attains the value 1, x becomes greater for the first value 
of than for the second. For if we suppose # very little less than 1, f(1-—«) will be ex- 
tremely small compared with @(#), or, in case (x) contain a sine, compared with the coeffi- 
cient of the sine. Writing w, for 1-—a, and retaining only the most important term in f(a), 
we get from (21), (25), (26), and (28) 


eal 


Ber 4-7 T j 1 
¢ = = Vv l =, => — 
Ff (2) Uy 5 = a2 log e or pe" +e P*) 


d 
47 COSY 7 


a? sin (plog +} soeeeieee (37) 
1 


according as 3<+4, B=4, or B>4; and = will be obtained by dividing f(#) by a, nearly. 
Hence if +>,>,>0, xis ultimately incomparably greater when 8 = 8, than when B= f,, 
and when 8 = 2, than when B=1. Since f(0) = 4, = B(2 + 8)" = (28! +1)', f(0) increases 
with 3, so that f(«) is at first larger when B = GB, than when 6 = #,, and afterwards smaller. 


When B> 4, x vanishes for a certain value of a, after which it becomes negative, then 
vanishes again and becomes positive, and so on an infinite number of times. ‘The same will be 
true of ZT. If p be small, f(~) will not greatly differ, except when « is nearly equal to 1, 
from what it would be if p were equal to zero, and therefore f(x) will not vanish till wv is nearly 
equal to 1. On the other hand, if p be extremely large, which corresponds to a very slow velocity, 
= will be sensibly equal to 1 except when z is nearly equal to 1, so that in this case also f(«) 
will not vanish till # is nearly equal to 1. The table shews that when 6 = 4, f(x) first vanishes 
between « =.98 and w =1, and when B = 3 between vw =.94 and w=.96. ‘The first value of « 
for which f(#) vanishes is probably never much less than 1, because as ( increases from 2 the 
denominator p(e?™ + e~°”) in the expression for @(v) becomes rapidly large. 


15. Since when 8>4, T vanishes when 2 = 0, and again for a value of « less than 1, it must 
be a maximum for some intermediate value. When (3 = 4 the table appears to indicate a maximum 
beyond « =.98. When 8 =, the maximum value of Tis about 2.61, and occurs when @ = . 86 
nearly. As # increases indefinitely, the first maximum value of T approaches indefinitely to 1, 
and the corresponding value of @& to 3- Besides the first maximum, there are an infinite number 
of alternately negative and positive maxima; but these do not correspond to the problem, for a 
reason which will be considered presently. 


16. The following curves represent the trajectory of the body for the four values of /3 con- 
tained in the preceding table. These curves, it must be remembered, correspond to the ideal 
limiting case in which the inertia of the bridge is infinitely small. 


In this figure the right line 4B represents the bridge in its position of equilibrium, and 
at the same time represents the trajectory of the body in the ideal limiting case in which 
6 =0 or V=c%. AeeeB represents what may be called the equilibrium trajectory, or the 
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curve the body would describe if it moved along the bridge with an infinitely small velocity. 
The trajectories corresponding to the four values of 3 contained in the above table are marked 
by 1,1, 1,13 2,2,23 3, 3,3; 4, 4,4, 4 respectively. The dotted curve near B is meant to repre- 
sent the parabolic are which the body really describes after it rises above the horizontal 
line AB*. C is the centre of the right line AB: the curve AeeeB is symmetrical with respect 
to an ordinate drawn through C. 


17. The inertia of the bridge being neglected, the reaction of the bridge against the body, as 


wot where C depends on the length and stiffness of 
the bridge. Since this expression becomes negative with y, the preceding solution will not be 
applicable beyond the value of # for which y first vanishes, unless we suppose the body held down 
to the bridge by some contrivance. If it be not so held, which in fact is the case, it will quit the 
bridge when y becomes negative. More properly speaking, the bridge will follow the body, in 
consequence of its inertia, for at least a certain distance above the horizontal line 4B, and will exert 
a positive pressure against the body: but this pressure must be neglected for the sake of con- 
sistency, in consequence of the simplification adopted in Art. 1, and therefore the body may be 
considered to quit the bridge as soon as it gets above the line AB. The preceding solution shews 
that when 8>4 the body will inevitably leap before it gets to the end of the bridge. The leap 
need not be high; and in fact it is evident that it must be very small when # is very large. In 
consequence of the change of conditions, it is only the first maximum value of 7’ which corresponds 
to the problem, as has been already observed. 


already observed, will be represented by 


18. According to the preceding investigation, when 3 <4} the body does not leap, the tangent 
to its path at last becomes vertical, and 7’ becomes infinite. The occurrence of this infinite value 
indicates the failure, in some respect, of the system of approximation adopted. Now the inertia 
of the bridge has been neglected throughout; and, consequently, in the system of the bridge and 
the moving body, that amount of labouring force which is requisite to produce the vis viva of the 
bridge has been neglected. If &, 7 be the coordinates of any point of the bridge on the same scale 
on which w, y represent those of the body, and & be less than w, it may be proved on the supposition 
that the bridge may be regarded at any instant as in equilibrium, that 


ee See 


a 1-@ wv (1 — 2) 


When a becomes very nearly equal to 1, y varies ultimately as (1 — v)3-', and therefore » contains 
2 


dn\? d . : : 
terms involving (1 -.«)~3~", and (2) » and consequently (3) » contains terms involving 
wv 


(1 - x)~*-*". Hence the expression for the vis viva neglected at last becomes infinite; and there- 
fore however light the bridge may be, the mode of approximation adopted ceases to be legitimate 
before the body comes to the end of the bridge. The same result would have been arrived at if 
B had been supposed equal to or greater than 4. 


19. There is one practical result which seems to follow from the very imperfect solution of 
the problem which is obtained when the inertia of the bridge is neglected. Since this inertia is 
the main cause which prevents the tendency to break from becoming enormously great, it would 
seem that of two bridges of equal length and equal strength, but unequal mass, the lighter would 


* The dotted curve ought to have been drawn wholly outside the full curve. The two curves touch each other at the point 
where they are cut by the line ACB, as is represented in the figure. 
472 
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be the more liable to break under the action of a heavy body moving swiftly over it. The effect 
of the inertia may possibly be thought worthy of experimental investigation. 


90. The mass of a rail on a railroad must be so smal] compared with that of an engine, or 
rather with a quarter of the mass of an engine, if we suppose the engine to be a four-wheeled one, 
and the weight to be equally distributed between the four wheels, that the preceding investigation 
must be nearly applicable till the wheel is very near the end of the rail on which it was moving, 
except in so far as relates to regarding the wheel as a heavy point. Consider the motion of the 
fore wheels, and for simplicity suppose the hind wheels moving on a rigid horizontal plane. Then 
the fore wheels can only ascend or descend by the turning of the whole engine round the hind axle, 
or else the line of contact of the hind wheels with the rails, which comes to nearly the same thing. 
Let M be the mass of the whole engine, 7 the horizontal distance between the fore and hind axles, 
h the horizontal distance of the centre of gravity from the latter axle, & the radius of gyration 
about the hind axle, 2, y the coordinates of the centre of one of the fore wheels, and let the rest of 
the notation be as in Art. 1. Then to determine the motion of this wheel we shall have 
7) = Meh - gael! 


d? 
Y 2 — — 
aN ae ( 


ce — 2)’ 


: ; : adil £ 
whereas to determine the motion of a single particle whose mass is we should have had 


Mdy M Cy 


4 dé? 4° (ex — a’)? 
Now / must be nearly equal to a and k’ must be a little greater than 41°, say equal to 3/?, so 
that the two equations are very nearly the same. 
Hence, being the quantity defined by equation (5), where S§ denotes the central statical 
deflection due to a weight —, it appears that the rail ought to be made so strong, or else so 


short, as to render (3 a good deal larger than 4. In practice, however, a rail does not rest merely 
on the chairs, but is supported throughout its whole length by ballast rammed underneath. 


21. In the case of a long bridge, 8 would probably be large in practice. When is so large 
Bia 

p (€?™ +e P7) 

the body is sensibly symmetrical with respect to the centre of the bridge, and consequently 7’, as 

well as y, is a maximum whenw=4. For this value of # we have 4(# — ww) = 1, and therefore 

z=T=y. Putting C; for the (¢ + 1)™ term of the series (9), so that C; = 4;2~', we have 

for «=4 


that the coefficient , or 2 [3%e-78* nearly, in @ (x) may be neglected, the motion of 


where C= 


and generally, 

(i + 1) (i + 2) 
whence 7’ is easily calculated. Thus for 3 = 5 we have 7? e~7* = .031 nearly, which is not large, 
and we get from the series (39) 7'=1.27 nearly. For (= 10, the approximate value of the 


ae aes 


RELATING TO THE BREAKING OF RAILWAY BRIDGES. 721 


coefficient in @ (@) is .0048, which is very small, and we get 7’=1.14. In these calculations the 
inertia of the bridge has been neglected, but the effect of the inertia would probably be rather to 
diminish than to increase the greatest value of 7’. 


22, The inertia of a bridge such as one of those actually in use must be considerable: the bridge 
and a carriage moving over it form a dynamical system in which the inertia of all the parts ought to 
be taken into account. Let it be required to construct the same dynamical system on a different 
scale. For this purpose it will be necessary to attend to the dimensions of the different constants on 
which the unknown quantities of the problem depend, with respect to each of the independent units 
involved in the problem. Now if the thickness of the bridge be regarded as very small compared 
with its length, and the moving body be regarded as a heavy particle, the only constants which enter 
into the problem are M, the mass of the body, M’, the mass of the bridge, 2c, the length of the 
bridge, S, the central statical deflection, V, the horizontal velocity of the body, and g, the force of 
gravity. The independent units employed in dynamics are three, the unit of length, the unit of 
time, and the unit of density, or, which is equivalent, and which will be somewhat more convenient 
in the present case, the unit of length, the unit of time, and the unit of mass. The dimensions of 
the several constants M, M’, &c., with respect to each of these units are given in the following 
table. 


Unit of length. Unit of time. Unit of mass. 


M and M’. ) ty) 1 
e and S. 1 0 0 
V~. 1 -1 0 
g- 1 -—2 0 


Now any result whatsoever concerning the problem will consist of a relation between certain 
unknown quantities a’, #”,,. and the six constants just written, a relation which may be expressed by 


Fei ies cas WEN 5 Cs SVB) = On oe snseecese (40) 


But by the principle of homogeneity and by the preceding table this equation must be of the 
form 
a a Me Sov? a 
(a')’ (a”) aS aah aati nae) 


where (a’), (w”) ... , denote any quantities made up of the six constants in such a manner as to have 
with respect to each of the independent units the same dimensions as a’, 2”... , respectiv ely. Thus, 
if (40) be the equation which gives the maximum value 7 of 7' in terms of the six constants, we 
shall have but one unknown quantity a’, where a = 7’, and we may take for (a), Meg, or else MY". 
If (40) be the equation to the trajectory of the body, we shall have two unknown constants, 2’, 2”, 
where a’ is the same as in Art. 1, and w” = y’, and we may take (a’) = ¢, (w”’)=c. The equation 
(41) shows that in order to keep to the same dynamical system, only on a different scale, we must 


alter the quantities M, M’, &c. in such a manner that 
M' « M, Sa Cs Va eg, 


and consequently, since gis not a quantity which we can alter at pleasure in our experiments, V 
must vary as ,/c. <A small system constructed with attention to the above variations forms an 
exact dynamical model of a larger system with respect to which it may be desired to obtain certain 
results. It is not even necessary for the truth of this statement that the thickness of the large 
bridge be small in comparison with its length, provided that the same proportionate thickness be 
preserved in the model. 


722 Mr. STOKES'S DISCUSSION OF A DIFFERENTIAL EQUATION. 


To take a numerical example, suppose that we wished, by means of a model bridge five feet 
long and weighing 100 ounces, to investigate the greatest central deflection produced by an engine 
weighing 20 tons, which passes with the successive velocities of 30, 40, and 50 miles an hour over 
a bridge 50 feet long weighing 100 tons, the central statical deflection produced by the engine 
being one inch. We must give to our model carriage a weight of 20 ounces, and make the small 
bridge of such a stiffness that a weight of 20 ounces placed on the centre shall cause a deflection 
of =1th of an inch; and then we must give to the carriage the successive velocities of 3/10, 
44/10, 54/10, or 9.49, 12.65, 15.81 miles per hour, or 13.91, 18.55, 23.19 feet per second. If 
we suppose the observed central deflections in the model to be .12, .16, .18 of an inch, we may 
conclude that the central deflections in the large bridge corresponding to the velocities of 30, 40, and 
50 miles per hour would be 1.2, 1.6, and 1.8 inch. 


G. G. STOKES. 


Addition to the preceding Paper. 


Since the above was written, Professor Willis has informed me that the values of 3 are much 
larger in practice than those which are contained in Table I, on which account it would be interesting 
to calculate the numerical values of the functions for a few larger values of 8. I have accordingly 
performed the calculations for the values 3, 5, 8,12, and 20. The results are contained in Table IT. 
In calculating x from # = 0 to # = .5, ITemployed the formula (12), with the assistance occasionally 
of (15). I worked with 4 places of decimals, of which 3 only are retained. The values of x for 
wv = .5, in which case the series are least convergent, have been verified by the formula (42) given 
below: the results agreed within two or three units in the fourth place of decimals. The remaining 


values of x were calculated from the expression for (#—.a*)~*p(w). The values of 7’ and 5 were 


deduced from those of x by merely multiplying twice in succession by 4a (1 — xv). Professor Willis 
has laid down in curves the numbers contained in the last five columns. In laying down these 
curves several errors were detected in the latter half of the Table, that is, from # = .55 to @ .95. 
These errors were corrected by re-examining the calculation ; so that I feel pretty confident that the 
table as it now stands contains no errors of importance. 


=~} 
hs} 
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TABLE IL. 


=20 
-000} .000} .000 
-030| .032] .034 
-103} .113] .119| .123 
-220| .237] .246| .252 
-367| .389| .399| .405 
-535| .558] .565| .572 
-713| .722] .728] .721 
-888| .889| .877| .859 
1.049 | 1.026} .997) .966 
1.183 | 1.127 | 1.078 | 1.035 
1.274} 1.180} 1.111 | 1.060 
1.314 | 1.179 | 1.092 | 1.037 
1.281} 1.108} 1.018| .968 
1.173| .954) .895| .860 
-983| .781| .733| .720 
-716| .564| .554] .570 
.396| .341|] .382] .405 
-090} .172| .241| .254 
—.080| .104 181 | .123 
+.045) .068| .026| .034 


-857 
-755| .835| .886] .931 -122 : -159| .168| .177 


-798| .872| .915| .950 -248| .287 
751 -846| .910} .945] .970 883] .431 
-799 -897| .950| .975| .989 511] .5'74 
-863 -951| .991}| 1.004} 1.016 647 | .714 
-936| 1.010} 1.023 | 1.032 | 1.023 -786| .849| .859| .867| .859 
1.018} 1.073} 1.074] 1.059 | 1.038 -926| .976| .977| .963] .944 
1.110} 1.138} 1.114] 1.081}1.049] 1.066] 1.092 
1.214} 1.207|1.150| 1.099] 1.056] 1 

1.331] 1.274)/1.180]1.111}1.060] 1 

1.461} 1.341] 1.203/1.114]1.058} 1 
1.602] 1.390] 1.202]1.105]1.051} 1.538] 1.334. 
1.748] 1.417] 1.179} 1.081} 1-088] 1.590] 1.289 
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1.891} 1.393} 1.107 | 1.039} 1.021 588] 1.170] .930] .873]| .858 
1.974] 1.273] 1.003] .984] 1.013 481] .955| .752) .738]| .760 
1.885 .968| .832] .932] .989 206| .620] .532] .596] .633 
1.286 .844| .660} .925| .976 656} .176|] .336| .472] .498 
— .970| — .616| .802]1.013] .947] — .349| —.222] .289] .365| .341 
—8.227 | +1.248| 1.884] .720] .943] —1.563| +.237]| .358| .137] .179 


The form of the trajectory will be sufficiently perceived by comparing this table with the curves 
represented in the figure. As @ increases, the first point of intersection of the trajectory with the 
equilibrium trajectory eee moves towards 4. Siuce x = 1 at this point, we get from the part of the 
table headed ‘* x,” for the abscissa of the point of intersection, by taking proportional parts, .34, .29, 
-26, .24, and .22, corresponding to the respective values 3, 5, 8, 12, and 20 of B. Beyond this point 
of intersection the trajectory passes below the equilibrium trajectory, and remains below it during 
the greater part of the remaining course. As £ increases, the trajectory becomes more and more 
nearly symmetrical with respect to C: when £3 = 20 the deviation from symmetry may be considered 
insensible, except close to the extremities 4, B, where however the depression itself is insensible. 
The greatest depression of the body, as appears from the column which gives y’, takes place a little 
beyond the centre; the point of greatest depression approaches indefinitely to the centre as B 
increases. This greatest depression of the body must be carefully distinguished from the greatest 
depression of the bridge, which is decidedly larger, and occurs in a different place, and at a different 
time. The numbers in the columns headed “ 7” shew that 7’ is a maximum for a value of x greater 
than that which renders y’ a maximum, as in fact immediately follows from a consideration of the 
mode in which y’ is derived from 7. The first maximum value of 7’, which according to what has 
been already remarked is the only such value that we need attend to, is about 1.59 for B=3, 1.33 
for 8 = 5, 1.19 for 8 = 8, 1.11 for B = 12, and 1.06 for B = 20. 


When £ is equal to or greater than 8, the maximum value of 7’ occurs so nearly when 2 = .5 
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, 


that it will be sufficient to suppose w=.5. The value of x, 7, or = for # = .5 may be readily 


calculated by the method explained in Art. 21. I have also obtained the following expression for 
this particular value ; 


z=28 - 4/3 lot - SR + Sa - eee 


When #3 is small, or only moderately large, the series (42) appears more convenient for 
numerical calculation, at least with the assistance of a table of reciprocals, than the series (39), but 
when {3 is very large the latter is more convenient than the former. In using the series (42), it will 
be best to sum the series within brackets directly to a few terms, and then find the remainder from 
the formula 

Uz — Uz41 + Uy, — - = $U,—LAu, + LA*u,-... 


The formula (42) was obtained from equation (20) by a transformation of the definite integral. 
In the transformation of Art. 8, the limits of s will be 1 and o, and the definite integral on which 
the result depends will be 


ono m—|\ -—™ 


s —Ss 
ds. 
1 1+s 


The formula (42) may be obtained by expanding the denominator, integrating, and expressing 
m in terms of (3. 


In practice the values of 8 are very large, and it will be convenient to expand according to 
inverse powers of (3. This may be easily effected by successive substitutions. Putting for shortness 
xv — x = X, equation (4) becomes by a slight transformation 


Py 2 


aX 
and we have for a first approximation y = X°, for a second y = X° — Grex? S7aae and soon. The 
Fi 


result of the successive substitutions ae be ee as follows: 
d? 
da® 


where each term, taken rere is derived from the preceding by differentiating twice, and then 
multiplying by B~LX?. 


y= XX? - 


OCR Ge = 


Or Caneae nea coo | (s)) 


For such large values of 3, we need siend to nothing but the value of for « = 4, and this 
may be obtained from (43) by putting w =4, after differentiation, and multiplying by 16. It will 
d d’ 
however be more convenient to replace w by }(1+w), which gives = are X* = WwW, 
where W=(1—w’)*. We thus get from (43) 


d a d? 
x= W-— (48)'W —, W + (48) °*W—, W—,W-. 
(48) 'W 7  W+ Gp) OW We 
where we must put w = 0 after differentiation, if we wish to get the value of x for x= 4. This 
equation gives, on performing the differentiations and multiplications, and then putting w = 0, 


%=1+ B14 3B? + 1388+ ....2-0---cecenoee (44) 


In practical cases this series may be reduced to 1 + (3~'. The latter term is the same as would 
be got by taking into account the centrifugal force, and substituting, in the small term involving 
that force, the radius of curvature of the equilibrium trajectory for the radius of curvature of the 
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actual trajectory. The problem has already been considered in this manner by others by whom it 
has been attacked. 


My attention has recently been directed by Professor Willis to an article by Mr. Cox On the 
Dynamical Deflection and strain of Railway Girders, which is printed in The Civil Engineer 
and Architect's Journal for September, 1848. In this article the subject is treated in a very 
original and striking manner, ‘There is, however, one conclusion at which Mr. Cox has arrived 
which is so directly opposed to the conclusions to which I have been led, that I feel compelled to 
notice it. By reasoning founded on the principle of vis viva, Mr. Cox has arrived at the result 
that the moving body cannot in any case produce a deflection greater than double the central 
statical deflection, the elasticity of the bridge being supposed perfect. But among the sources of 
labouring force which can be employed in deflecting the bridge, Mr, Cox has omitted to consider 
the vis viva arising from the horizontal motion of the body. It is possible to conceive beforehand 
that a portion of this vis viva should be converted into labouring foree, which is expended in 
deflecting the bridge. And this is, in fact, precisely what takes place. During the first part of 
the motion, the horizontal component of the reaction of the bridge against the body impels the 
body forwards, and therefore increases the vis viva due to the horizontal motion ; and the labouring 
force which produces this increase being derived from the bridge, the bridge is less deflected than 
it would have been had the horizontal velocity of the body been unchanged. But during the 
latter part of the motion the horizontal component of the reaction acts backwards, and a portion 
of the vis viva due to the horizontal motion of the body is continually converted into labouring 
force, which is stored up in the bridge. Now, on account of the asymmetry of the motion, the 
direction of the reaction is more inclined to the vertical when the body is moving over the 
second half of the bridge than when it is moving over the first half, and moreover the reaction 
itself is greater, and therefore, on both accounts, more vis viva depending upon the horizontal 
motion is destroyed in the latter portion of the body’s course than is generated in the former 
portion; and therefore, on the whole, the bridge is more deflected than it would have been ha 
the horizontal velocity of the body remained unchanged. 


It is true that the change of horizontal velocity is small; but nevertheless, in this mode of 
treating the subject, it must be taken into account. For, in applying to the problem the principle 
of vis viva, we are concerned with the square of the vertical velocity, and we must not omit any 
quantities which are comparable with that square. Now the square of the absolute velocity of 
the body is equal to the sum of the squares of the horizontal and vertical velocities; and the 
change in the square of the horizontal velocity depends upon the product of the horizontal velocity 
and the change of horizontal velocity ; but this product is not small in comparison with the square 
of the vertical velocity. 


In Art. 22 I have investigated the changes which we are allowed by the general principle of 
homogeneous quantities to make in the parts of a system consisting of an elastic bridge and a 
travelling weight, without affecting the results, or altering anything but the scale of the system. 
These changes are the most general that we are at liberty to make by virtue merely of that general 
principle, and without examining the particular equations which relate to the particular problem 
here considered. But when we set down these equations, we shall see that there are some further 
changes which we may make without affecting our results, or at least without ceasing to be able to 
infer the results which would be obtained on one system from those actually obtained on another. 


In an apparatus recently constructed by Professor Willis, which will be described in detail in 
the report of the commission, to which the reader has already been referred, the travelling weight 
moves over a single central trial bar, and is attached to a horizontal arm which is moveable, with as 
little friction as possible, about a fulcrum carried by the carriage. In this form of the experiment, 
the carriage serves merely to direct the weight, and moves on rails quite independent of the trial bar. 
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For the sake of greater generality I shall suppose the travelling weight, instead of being free, to 
be attached in this manner to a carriage. 


Let M be the mass of the weight, including the arm, & the radius of gyration of the whole 
about the fulcrum, /# the horizontal distance of the centre of gravity from the fulcrum, / the hori- 
zontal distance of the point of contact of the weight with the bridge, w, y the coordinates of that 
point at the time ¢, €, 4 those of any element of fhe bridge, & the reaction of the bridge against 
the weight, M’ the mass of the bridge, R’, R’ the vertical pressures of the bridge at its two extremi- 
ties, diminished by the statical pressures due to the weight of the bridge alone. Suppose, as 
before, the deflection to be very small, and neglect its square. 


By D’Alembert’s principle the effective moving forces reversed will be in statical equilibrium 
with the impressed forces. Since the weight of the bridge is in equilibrium with the statical pres- 
sures at the extremities, these forces may be left out in the equations of equilibrium, and the only 
impressed forces we shall have to consider will be the weight of the travelling body and the reactions 


, 


due to the motion. The mass of any element of the bridge will be ers very nearly; the 
c 
horizontal effective force of this element will be insensible, and the vertical effective force will be 


= —dé, and this force, being reversed, must be supposed to act vertically upwards. 


The curvature of the bridge being proportional to the moment of the bending forces, let the 
reciprocal of the radius of curvature be equal to K multiplied by that moment. Let A, B be the 
extremities of the bridge, P the point of contact of the bridge with the moving weight, Q any point 
of the bridge between A and P. Then by considering the portion 4 Q of the bridge we get, taking 
moments round Q, ; 


dy 


742 = KIRE+S elec) ree veseee (45) 


n being the same function of £’ that y is of - To determine K, let § be the central statical 
deflection produced by the weight Mg resting partly on the bridge and partly on the fulerum, which 


M i ea 


0 


is equivalent to a weight 7 Mg resting on the centre of the bridge. In this case we should have 


dn Mgh 
Tgp ah al g 


: : 2 : . d 
Integrating this equation twice, and observing that di = 0 when € =e, and 9 = 0 when = 0, and 


that S is the value of 7 when € =c, we get 


61S 


= Mghe a wcaciesiessceslece (46) 


Returning now to the bridge in its actual state, we get to determine R’, by taking moments about B, 


R’.2c-R (2c-«) + as ee ge (26 —E) dE = 0. sreeeeseseseeee (47) 


“0 
Eliminating £&’ between (45) and (47), hie for K its value given by (46), and eliminating ¢ 


da 
by the equation a= V, we get 


- FE" igi ( escapee a 


— * (ae a) a |} .-. (48) 
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This equation applies to any point of the bridge between A and P. To get the equation 
which applies to any point between P and B, we should merely have to write 2e—€ for &, 
2c —~« for a. 


If we suppose the fulcrum to be very nearly in the same horizontal plane with the point of 
contact, the angle through which the travelling weight turns will be . very nearly ; and we shall 


have, to determine the motion of this weight, 


d® 
Mk an AUC TeV U tesenek scars ates ois . attrac cl (49) 


We have also the equations of condition, 


n = 0 when w = 0, for any value of & from 0 to 2c; 
n =y when & =a, for any value of w from 0 to 2¢; 
d 
n =0 when & = Oor = 2c; y =0 and -Y — 9 when #=0. 
v 
Now the general equations (48), (or the equation answering to it which applies to the portion 
PB of the bridge,) and (49), combined with the equations of condition (50), whether we can 
manage them or not, are sufficient for the complete determination of the motion, it being under- 
dy 
dé 
mally to set down the equations of condition which express this circumstance. Now the form of 
the equations shews that, being once satisfied, they will continue to be satisfied provided y = y, 
~é «wee, and 


stood that » and vary continuously in passing from AP to PB, so that there is no occasion for- 


y ISR IMVy 1. ay 
ce co Mghe « Mehe > Mi? V e co Mghl «x RE. 


These variations give, on eliminating the variation of R, 
aie Ve Wh le 

CQ) SS eS Se Se 
VP pT ae 


Although g is of course practically constant, it has been retained in the variations because it 
may be conceived to vary, and it is by no means essential to the success of the method that it 
should be constant. he variations (51) shew that if we have any two systems in which the 
ratio of Mk* to M’L? is the same, and we conceive the travelling weights to move over the two 
bridges respectively, with velocities ranging from 0 to «, the trajectories described in the one 
case, and the deflections of the bridge, correspond exactly to the trajectories and deflections in the 
other case, so that to pass from the one to the other, it will be sufficient to alter all horizontal 
lines on the same scale as the length of the bridge, and all vertical lines on the same scale as the 
central statical deflection. The velocity in the one system which corresponds to a given velocity in 
the other is determined by the second of the variations (51). 


We may pass at once to the case of a free weight by putting h = & =/, which gives 
Yee Ss Ve Sic 0% WM tM. ses sac anase---1 (02) 


The second of these variations shews that corresponding velocities in the two systems are those 
which give the same value to the constant 3. When S <c we get V «ge, which agrees with 
Art. 22. 


In consequence of some recent experiments of Professor Willis’s, from which it appeared that 
the deflection produced by a given weight travelling over the trial bar with a given velocity was 
5A2 
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in some cases increased by connecting a balanced lever with the centre of the bar, so as to increase 
its inertia without increasing its weight, while in other cases the deflection was diminished, I have 
been induced to attempt an approximate solution of the problem, taking into account the inertia of 
the bridge. I find that when we replace each force acting on the bridge by a uniformly distributed 
force of such an amount as to produce the same mean deflection as would be produced by the actual 
force taken alone, which evidently cannot occasion any very material error, and when we moreover 
neglect the difference between the pressure exerted by the travelling mass on the bridge and its 
weight, the equation admits of integration in finite terms. 


Let the notation be the same as in the investigation which immediately precedes; only, for 
simplicity’s sake, take the length of the bridge for unity, and suppose the travelling weight a heavy 
particle. It will be easy in the end to restore the general unit of length if it should be desirable. 
It will be requisite in the first place to investigate the relation between a force acting at a given 
point of the bridge and the uniformly distributed foree which would produce the same mean de- 
flection. 


Let a force /' act vertically downwards at a point of the bridge whose abscissa is w, and let 


y be the deflection produced at that point. Then, €, 4 being the coordinates of any point of the 
bridge, we get from (38) 


y a 
Jorndé a xv + ——. 


4(1 - 2) 


To obtain {.'4d£, we have only got to write 1 — a in place of w. Adding together the results, 


and observing that, according to a formula referred to in Art. 1, y= 168. 


—— . a (1 — 2)?, we 


obtain 
2SF f £ 
fond = He {a (1 —2) + a* (1 = 2)? ;.......52---(58) 
and this integral expresses the mean deflection produced by the force F’, since the length of the 
bridge is unity. 


Now suppose the bridge subject to the action of a uniformly distributed force F’, In this case 
we should have 


~ FP n KARP E- [6 E- 2) F'dE} - 3K F E-B). 
Integrating this equation twice, and observing that a = 0 when — = 1, and 7 =0 when — =0, 
and that (46) gives, on putting /=h and c=1, K = ==, we obtain 
, mae 
ne Ne (SABE asain: Jia Lome (54) 


This equation gives for the mean deflection 


2SF' 
fondé Me: ae. (55) 


and equating the mean deflections produced by the force / acting at the point whose abscissa is x, 
and by the uniformly distributed force F’, we get F” = uF, where 


“w= 5@(1— 2) + 5a (1 —a)’.........- Se sasiecee eee (OO) 


Putting » for the mean deflection, expressing F” in terms of », and slightly modifying the form 
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of the quantity within parentheses in (54), we get for the equation to the bridge when at rest 
under the action of any uniformly distributed force 


a= Bice © (Uae) Oe 2) eeteesnae aes eee eT) 
If D be the central deflection, 7 = D when & = 43 so that D : » :: 25: 16. 


Now suppose the bridge in motion, with the mass M travelling over it, and let w, y be the 
coordinates of M. As before, the bridge would be in equilibrium under the action of the force 
d? 2 . 3 a 
M G - fal acting vertically downwards at the point whose abscissa is «, and the system of forces 
d’n 
such as M’dé. qi acting vertically upwards at the several elements of the bridge. According 


to the hypothesis adopted, the former force may be replaced by a uniformly distributed force the 
value of which will be obtained by multiplying by w, and each force of the latter system may be 
replaced by a uniformly distributed force obtained by multiplying by w’, where w’ is what u 
becomes when ¢ is put for w Hence if F, be the whole uniformly distributed force we have 


d? le 
F,=M (e - ae) u — mt’ f = tt BE....02 aeenecseteo as (58) 


Now according to our hypothesis the bridge must always have the form which it would assume 
under the action of a uniformly distributed force; and therefore, if « be the mean deflection at 
the time ¢, (57) will be the equation to the bridge at that instant. Moreover, since the point (x, y) 
is a point in the bridge, we must have » = y when & = v7, whence y=pu. We have also 


peg iw, Ld?» tee pe 155 d* mw 
Ney eee aE? Ig de wde=“ ged M88 16 ae 
5Mg peel wate 
We get from (55), F, = as Making these various substitutions in (58), and replacing 
d d 
de by Ve we get for the differential equation of motion 
5Mg @w) 15s) 24 ee 
oiSae Mi gt — Ye ae Saat MV dar G9) 


Since «x is comparable with S, the several terms of this equation are comparable with 
Mg, Mg, MV?S, MVS, 


respectively. If then V2.8 be small compared with g, and likewise @ small compared with MW’, 
we may neglect the third term, while we retain the others. This term, it is to be observed, ex- 
presses the difference between the pressure on the bridge and the weight of the travelling mass. 
PRY 1 
g 168° 
Hence the conditions under which we are at liberty to neglect the difference between the pressure 
on the bridge and the weight of the travelling mass are, jirst, that 8 be large, secondly, that the 
mass of the travelling body be small compared with the mass of the bridge. If 6 be large, but 
M be comparable with J/’, it is true that the third term in (59) will be small compared with the 
leading terms; but then it will be comparable with the fourth, and the approximation adopted in 
neglecting the third term alone would be faulty, in this way, that of two small terms comparable 
with each other, one would be retained while the other was neglected. Hence, although the ab-* 
solute error of our results would be but small, it would be comparable with the difference between 
the results actually obtained and those which would be obtained on the supposition that the 
travelling mass moved with an infinitely small velocity. 


Since c = 1, we have which will be small when (3 is large, or even moderately large. 
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Neglecting the third term in equation (59), and putting for w its value, we get 


a p. 
dn 1 fa EA pa Cle 25S ES 1) Dene m DEG ABOCUECASAE (60) 
where 


. 63Mg _ 1008 MB 


1-3MV?S 3iM’ * 


The linear equation (60) is easily integrated. Integrating, and determining the arbitrary con- 


peeceapotencnis ho so (EN 


a d 
stants by the conditions that » = 0, and = =0, when # = 0, we get 


2 


12a” 12 sin qa 24 
n= 28 {ot - 20° = (1+=) («- q ) + 2 = cos ge} 5. (62) 
4 4 q q 


and we have for the equation to the trajectory 
y= 5, (@ — 2a? + a) = 5 (X + XX) 520.500 00000- (63) 


where as before X =a (1-2). 
When V=0, q=s, and we get from (62), (63), for the approximate equation to the equi- 


librium trajectory, 
4 — NOS, (CXC es) ese seeeh ee eee eenctees sen (OL) 


whereas the true equation is 
2 OWRW: Crccocc# conn sence gacoo ds 70 060 cael (A) 


Since the forms of these equations are very different, it will be proper to verify the assertion 
that (64) is in fact an approximation to (65). Since the curves represented by these equations are 
both symmetrical with respect to the centre of the bridge, it will be sufficient to consider values of 
x from 0 to 4, to which correspond values of X ranging from 0 to, Denoting the error of the 
formula (64), that is the excess of the y in (64) over the y in (65), by Sd, we have 


o= — 6X” +20.X3 + 10.X%4, 


dé dX 
—=4(—-34+15X + 10X*) X —. 
da ( ) dx 
é 
Equating aR to zero, we get X=0, w=0, 6=0, a maximum; X =.1787, «© =.233, 
6 = — .067, nearly, a minimum; and «= 4, 6 = — .023, nearly, a maximum. Hence the greatest 


error in the approximate value of the ordinate of the equilibrium trajectory is equal to about the 
one-fifteenth of S. 


Putting p=) +H. Y=Yo+ Yi» Where jo, Yo are the values of u, y for g= 2, we have 


5 12 ; EN 24 : )| (66) 
= 2A >= =— } <= aor Te. 1 a = = @ ee ewe 
Hy pos a) ga = se ok COS q 


Yy = 5.@ (0 ia) > wi ae) t tik acinzwae ona rosenetoenlse ths eaeaaess (Op) 


The values of 4, and y, may be calculated from these formule for different values of g, and 
they are then to be added to the values of 4, y, respectively, which have to be calculated once 
for all. If instead of the mean deflection ~ we wish to employ the central deflection D, we have 
only got to multiply the second sides of equations (62), (66) by 2%, and those of (63), (67) by 38, 
and to write D for x. The following table contains the values of the ratios of D and y to S for ten 
different values of g, as well as for the limiting value g= oo, which belongs to the equilibrium 
trajectory. 


TABLE Ut. 


2 
Values of 2 when ~2 is equal to 
S 7 


ae 
@ 6 8 10 12 GM oo 
.00}.000} .000} .000| .000| .000| .000! .000} .000} .000! .000} .000 
05] .004| .004] .005] .006| .007] .008/} .014] .019] .025] .0411|.156 
-10}.009} .013} .022) .027] .087]| .053| .081] .117] .158| .289)| .307 
-15].017| .028| .048} .075| .108| .146| .234] .327 .412}] .530 | .449 
-20] .025| .052| .099| .159| .231] .309| .469} .607| .696] .707| .580 
+25] .041 | .093| .177] .285] .406}] .531| .746| .871 .884] .707} .696 
-80] .056| .144] .282] .451] .626] .787]| 1.003 | 1.031 .915| .689 | .794 
-35|.070| .214] .418|] .650} .871| 1.045] 1.180] 1.052] .845] .814| .873 
-40].100} .300| .578| .870) 1.115] 1.265] 1.238] .967]| .796| 1.017! .930 
454.134} .399| .757|1.097| 1.832]1.412)1.178| .859] .8561 1.097 | .965 
-50].169 | .516] .947| 1.310] 1.492] 1.460} 1.036] .812] 1.004] .991| .977 
55] .213 | .640| 1.1389 | 1.491} 1.574] 1.403} .870] .860]| 1.127] .862) .965 
60} .256| .776| 1.321] 1.619} 1.562|1.250] .739] .969| 1.115] .872) .930 
-65 | .306 | .913) 1.482 | 1.681 | 1.454) 1.027] .682] 1.054] .948| .959] .873 
-70} .359 | 1.050 | 1.609 | 1.663] 1.257] .769| .695| 1.031 .718| .924| .794 
-75 | .419 | 1.181 | 1.691} 1.560} .990| .517| .746] .869 549 707 | .696 
80] .475 | 1.296 | 1.717] 1.871] .677| .803| .777) .604| .499 472 | .580 
-85 | .533 | 1.399 | 1.681] 1.106] .350] .149| .733} .325 516} .384} .449 
.90 | .586 | 1.476) 1.588] .776| .037| .064] .579] .117 .477| .385 | .307 
.95 | .646 | 1.525 | 1.402] .400] —.234] .025] .821] .021 .296| .276| .156 
1.00] .699 | 1.540] 1.158{ .000} —.446{ .019| .000} .001 | —.001} .000} .000 


Values of £ when = is equal to 


Git Gai Gin: wal CART Dh eae) 
Ay len 2 aleeeanl Sn tie 6 8 | 10| 12] 16| 


ONS ee 
| 


-00}.000} .000} .000) .000 -000} .000; .000| .000 000} .000 } .000 

-05].001 | .001] .001) .001 001} .001} .002] .003 004} .006 | .025 

-10!.005 |} .004] .007{] .008 012} .017} .025) .037 .050| .075 | .096 

-15 } .008 013} .022}] .034 .050| .067) .108} .150 +190} .244 | .207 

-20}.015| .031] .059}] .095 -137| .184 279} .360 414] .420 | .344 

+25] .029 | -05 .126} .203 .290| .378| .532] .621 630} .504 | 496 
3 


80] .045| .117| .230] .3866} .509] .640] .814] .839] .744] .560| .646 
385} .063| -191| .374] .581] .778| .934]1.054) .940] .755] .727].780 
40] .096| .285| .550| .828] 1.062] 1.205]|1.178} .921] .759}| .969) .886 
451.133 | .394] .748| 1.085] 1.316] 1.395} 1.164] .849] .846] 1.084] .954 
50] .169| .516| .947] 1.310] 1.492 | 1.460} 1.036} .812| 1.004} .991 | .977 
55] .210| .632 | 1.126) 1.473 | 1.555] 1.387] .860| .850} 1.114] .852] .954 
60 | .244 | .739} 1.258] 1.542] 1.487] 1.191| .704] .923| 1.062] .830].886 
5] .274| .816| 1.325 | 1.502} 1.300} .917| .609| .942] .848| .857] .780 
70} .2902| .854] 1.808 | 1.352 | 1.022] .626| .565| .839| .584]| .752| .646 
75] .298| .842 | 1.205 | 1.111 -705| .369| .532) .619 391 488 | .496 
80} .282| .770} 1 


-020] .814] .402] .180| .462] .859) .2 
-774| .509} .161} .069] .337| .149] .23 178 | .207 
90} .184] .463} .498) .244] .012] .020} .182] .037} .150| .121] .096 
.95}.103| .243|] .224| .064] —.037] .004] .051] .003} .047| .044] .025 
1.00} .000} .000| .000} .000) .000 -000 | .000 .000} .000} .000 | ,000 
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The numerical results contained in Table IIT. are represented graphically in figs. 2 and 3 of the 
accompanying plate, where however some of the curves are left out, in order to prevent confusion in 


: : 2 
the figures. In these figures the numbers written against the several curves are the values of 
vi 


to which the curves respectively belong, the symbol © being written against the equilibrium 
curves. Fig. 2 represents the trajectory of the body for different values of g, and will be understood 
without further explanation. In the curves of fig. 3, the ordinate represents the deflection of the 
centre of the bridge when the moving body has travelled over a distance represented by the abscissa. 
Fig. 1, which represents the trajectories described when the mass of the bridge is neglected, 
is here given for the sake of comparison with fig. 2. The numbers in fig. 1, refer to the 
values of (3. The equilibrium curve represented in this figure is the true equilibrium trajectory 
expressed by equation (65), whereas the equilibrium curve represented in fig. 2 is the approximate 
equilibrium trajectory expressed by equation (64). Im fig. 1, the body is represented as flying 
off near the second extremity of the bridge, which is in fact the case. The numerous small 
oscillations which would take place if the body were held down to the bridge could not be properly 
represented in the figure without using a much larger scale. The reader is however requested 
to bear in mind the existence of these oscillations, as indicated by the analysis, because, if the ratio 
of M to M’ altered continuously from © to 0, they woill probably pass continuously into the 
oscillations which are so conspicuous in the case of the a zr values of q in fig. 2. Thus the 
consideration of these insignificant oscillations which, strictly speaking, belong to fig. 1, aids us in 
mentally filling up the gap which corresponds to the cases in which the ratio of M to M’ is neither 
very small nor very large. 


As everything depends on the value of q, in the approximate investigation in which the inertia 
of the bridge is taken into account, it will be proper to consider further the meaning of this constant. 
In the first place it is to be observed that although M appears in equation (61), q is really indepen- 
dent of the mass of the travelling body. For, when M alone varies, (3 varies inversely as S, and S 
varies directly as M, so that q remains constant. To get rid of the apparent dependance of q on M, 
let S,; be the central statical deflection produced by a mass equal to that of the bridge, and at the 
same time restore the general unit of length. If # continue to denote the ratio of the abscissa of 
the body to the length of the bridge, q will be numerical, and therefore, to restore the general unit 
of length, it will be sufficient to take the general expression (5) for 8. Let moreover 7 be the 
time the body takes to travel over the bridge, so that 2e = Vr; then we get 

g = aA Ng 
318; 

If we suppose + expressed in seconds, and §, in inches, we must put g = 32.2 x 12 = 386, 

nearly, and we get, 


= 287 
q ST hale ee 


Conceive the mass M removed ; suppose the bridge depressed through a small space, and then 
left to itself. The equation of motion will be got from (59) by putting MZ = 0, where M is not 


siesioles games ark (O9) 


M M’ d d 
divided by |S‘, and replacing = by ee and V a by Fi We thus get 
du 63g oe 
ae? | S1S,fo es 
and therefore, if P be the period of the motion, or twice the time of oscillation from rest to rest, 
318, T 
ne, ——3 Si —— we clots afelefeleciaisie's eiseimineiee sfererotiO. 
LP ci 63g q > (70) 


Hence the numbers 1, 2, 3, &c., written at the head of Table III. and against the curves of 
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figs. 2 and 3, represent the number of quarter periods of oscillation of the bridge which elapse 
during the passage of the body over it. This consideration will materially assist us in under- 
standing the nature of the motion. It should be remarked too that q is increased by diminishing 
either the velocity of the body or the inertia of the bridge. 


In the trajectory 1, fig. 2, the ordinates are small because the body passed over before there was 
time to produce much deflection in the bridge, at least except towards the end of the body’s course, 
where even a large deflection of the bridge would produce only a small deflection of the body. 
The corresponding deflection curve, (curve 1, fig. 3,) shews that the bridge was depressed, and 
that its deflection was rapidly increasing, when the body left it. When the body is made to move 
with velocities successively one half and one third of the former velocity, more time is allowed for 
deflecting the bridge, and the trajectories marked 2, 3, are described, in which the ordinates are far 
larger than in that marked 1. The deflections too, as appears from fig. 3, are much larger than 
before, or at least much larger than any deflection which was produced in the first case while the 
body remained on the bridge. It appears from Table III, or from fig. 3, that the greatest de- 
flection occurs in the case of the third curve, nearly, and that it exceeds the central statical 
deflection by about three-fourths of the whole. When the velocity is considerably diminished, the 
bridge has time to make several oscillations while the body is going over it. These oscillations 
may ie easily observed in fig. 3, and their effect on the form of the trajectory, which may indeed 
be readily understood from fig. 3, will be seen on referring to fig, 2. 


When q is large, as is the case in practice, it will be sufficient in equation (66) to retain only 
the term which is divided by the first power of g. With this simplification we get 


so that the central deflection is liable to be alternately increased and decreased by the fraction 


25 A : 
as of the central statical deflection. By means of the expressions (61), (69), we get 


It is to be remembered that in the latter of these expressions the units of space and time are 
an inch and a second respectively. Since the difference between the pressure on the bridge and 
weight of the body is neglected in the investigation in which the inertia of the bridge is considered, 
it is evident that the result will be sensibly the same whether the bridge in its natural position be 
straight, or be slightly raised towards the centre, or, as it is technically termed, cambered. The 
increase of deflection in the case first investigated would be diminished by a camber. 


In this paper the problem has been worked out, or worked out approximately, only in the two 
extreme cases in which the mass of the travelling body is infinitely great and infinitely small respect- 
ively, compared with the mass of the bridge. The causes of the increase of deflection in these two 
extreme cases are quite distinct. In the former case, the increase of deflection depends entirely on the 
difference between the pressure on the bridge and the weight of the body, and may be regarded as 
depending on the centrifugal force. In the latter, the effect depends on the manner in which the force, 
regarded as a function of the time, is applied to the bridge. In practical cases the masses of the 
body and of the bridge are generally comparable with each other, and the two effects are mixed 
up in the actual result. Nevertheless, if we find that each effect, taken separately, is insensible, or 
so small as to be of no practical importance, we may conclude without much fear of error that 
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the actual effect is insignificant. Now we have seen that if we take only the most important terms, 


: bea : 1 25 . 4 
the increase of deflection is measured by the fractions — and aE of §. It is only when these fractions 
q 


are both small that we are at liberty to neglect all but the most important terms, but in practical 
cases they are actually small. The magnitude of these fractions will enable us to judge of the 
amount of the actual effect. 


To take a numerical example lying within practical limits, let the span of a given bridge be 44 
feet, and suppose a weight equal to 4 of the weight of the bridge to cause a deflection of + inch. 
These are nearly the circumstances of the Ewell bridge, mentioned in the report of the com- 
missioners. In this case, S; = 4 x .2=.15; and if the velocity be 44 feet in a second, or 30 miles an 
hour, we have 7 = 1, and therefore from the second of the formule (72), 


a 0434 Zale 4i5.9 
— =, = 2-1 = 45.0 %'—. 
84 2 q 4 


; ; ‘ . 1 
The travelling load being supposed to produce a deflection of .2 inch, we have 3 = 127, ome) 


Hence in this case the deflection due to the inertia of the bridge is between 5 and 6 times as great as 
that obtained by considering the bridge as infinitely light, but in neither case is the deflection 
important. With a velocity of 60 miles an hour the increase of deflection .0434,8 would be 


doubled. 


In the case of one of the long tubes of the Britannia bridge 8 must be extremely large; but on 
account of the enormous mass of the tube it might be feared that the effect of the inertia of the tube 
itself would be of importance. To make a supposition every way disadvantageous, regard the tube 
as unconnected with the rest of the structure, and suppose the weight of the whole train collected at 
one point, ‘The clear span of one of the great tubes is 460 feet, and the weight of the tube 1400 
tons. When the platform on which the tube had been built was removed, the centre sank 10 
inches, which was very nearly what had been calculated, so that the bottom became very nearly 
straight, since, in anticipation of the deflection which would be produced by the weight of the tube 
itself, it had been originally built curved upwards. Since a uniformly distributed weight produces 
the same deflection as 2 ths of the same weight placed at the centre, we have in this case S| = 3 x 10 


g f F i 4.60 
= 16; and supposing the train to be going at the rate of 30 miles an hour, we have 7 = ere 10.5, 


, A ZO A 4 
nearly, Hence in this case ie .043, or a! nearly, so that the increase of deflection due to the 
q 2 
inertia of the bridge is unimportant. 


In conclusion, it will be proper to state that this ‘* Addition” has been written on two or three 
different occasions, as the reader will probably have perceived. It was not until a few days after 
the reading of the paper itself that I perceived that the equation (16) was integrable in finite terms, 
and consequently that the variables were separable in (4). I was led to try whether this might not 
be the case in consequence of a remarkable numerical coincidence. ‘This circumstance occasioned 
the complete remodelling of the paper after the first six articles. I had previously obtained for the 
calculation of s for values of # approaching 1, in which case the series (9) becomes inconvenient, series 
proceeding according to ascending powers of 1 —., and involving two arbitrary constants. The 
determination of these constants, which at first appeared to require the numerical calculation of five 
series, had been made to depend on that of three only, which were ultimately geometric series with a 
ratio equal to 4. 
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The fact of the integrability of equation (4) in the form given in art. 7, to which I had myself been 
led from the circumstance above mentioned, has since been communicated to me by Mr. Cooper, 
Fellow of St John’s College, through Mr. Adams, and by Professors Malmsten and A. F. Svanberg of 


Upsala through Professor Thomson ; and I take this opportunity of thanking these mathematicians 
for the communication, 


G, G. STOKES. 


PEMBROKE COLLEGE, 
Oct. 22, 1849. 
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